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ABSTRA('T 

Active  sodium  transport  by  the  isolated  urinary  bladder  of  Bnfo  marinas 
was  studied  by  means  pf  the  short-circuit  current  technique  of  Cssinf?  and 
Zerahn.  Sodium  tninsiiort  by  this  prejiaration  was  found  to  be  sn'ilb'r  when 
toads  had  been  maintained  in  distilled  watt'r  rather  than  in  saline.  This  inert'ast' 
was  a.ssociated  with  a  higher  concentration  of  criculatiiiK  aldosterone.  'I'his 
hormone  was  shown  to  be  produced  by  toad  atlrenal  tissue. 

Injection  of  aldosterone  d,  1  21-monoacetate  to  the  animals  the  day  prior  to 
sacrifice  resulted  in  a  stimulation  of  sodium  transport  by  the  isolated  bladder, 
whether  the  toads  had  been  kept  in  saline  or  in  distilled  water.  But  after  ad¬ 
ministration  of  aldosterone  for  o  days,  tin*  activity  of  .sodium  transport  was 
the  same,  regardless  of  environment. 

The  effect  of  habitat  or  aldosterone  injections  on  active  sodium  transjiort  by 
the  isolated  toad  bladder  did  not  influence  the  responsiveness  of  the  prejiaration 
to  the  stimulation  of  sodium  transport  by  vasopressin. 

Bladder  tissue  water,  sodium,  iiotassium  and  chloride  concentrations  did  not 
vary  significantly  despite  larf;e  changes  in  sodium  transport. 

.Vdministration  of  aldosterone  to  toads  jjroduced  changes  in  jdasina  jiotas- 
sium,  urine  soflium  and  potassium  concentrations  opposite  to  those  usually 
seen  in  mammals. 
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ADMIXISTHATIOX  of  aldosterone  results  in  a  decreased  excretion  of 
L  sodium  in  urine,  through  an  enhanced  reabsorption  of  this  ion  by 
renal  tubule  cells.  As  sodium  reabsorption  represents  an  active  process 
(1,  2),  it  is  reasonable  to  assume  that  aldosterone  stimulates  the  mecha¬ 
nism  responsible  for  the  active  transport  of  sodium  from  the  tubular  lumen 
to  the  interstitial  fluid.  A  means  of  examining  this  hypothesis  directly  is 
provided  by  the  toad  bladder.  This  biological  membrane,  consisting  of  a 
single  layer  of  mucosal  cells  supported  by  a  small  amount  of  connective 
tissue  in  which  are  scattered  isolated  bundles  of  smooth  muscle,  is  capable 
of  transporting  sodium  actively  from  its  mucosal  to  its  serosal  surface  (4); 
in  so  doing,  it  reabsorbs  sodium  from  urine  and  is  therefore  comparable  to 
the  renal  tubule. 

Ussing  and  Zerahn  (B)  have  established  that  net  sodium  transport  by 
the  frog  skin  is  expressed  (juantitatively  by  the  current  required  to  nullify 
the  potential  difference  spontaneously  produced  by  this  membrane.  Leaf, 
el  al.  (4)  have  shown  that  this  convenient  relationship  applies  to  the  toad 
bladder.  Hence,  in  the  experiments  to  be  reported,  short-circuit  current 
measurements  serve  as  an  index  of  the  rate  of  sodium  transport. 

First,  studies  were  undertaken  to  determine  whether  aldosterone  is  in¬ 
volved  in  the  homeostasis  of  the  toads  used  in  these  experiments  {Bufo 
marinus).  Then,  the  effects  of  aldosterone  on  sodium  transport  by  the 
isolated  bladder  were  .studied  following  injection  of  the  steroid  into  the 
animals  before  .sacrifice. 

M.\TERL\L  .VXD  METHODS 

Experimonts  were*  performed  during  the  Fall  on  toads  Bufo  morinus  of  both  sexes 
partially  immersed  in  groups  of  2  to  3  in  I  L.  distilled  water  or  saline  (125  niEq  Xa/L.) 
for  3  to  5  days  before  saerifiee.  The  animals  were  pithed,  blood  was  obtained  from  the 
heart  with  a  heparinized  .syring(‘  and  urine  was  eolleet(‘d  from  the  bladder.  .\  sample  of 
the  medium  in  whieh  the  toads  were  immersed  was  also  saved.  Both  half-bladders  of  each 
toad  were  disseeted  and  mounted  sueeessively^  between  lueite  ehambers  (20  mm.  diam¬ 
eter)  as  proposed  by  Essing  and  Zerahn  (3),  with  both  surfaces  bathed  in  10  ee.  aeratc'd 
frog  Ringer  .solution  (Xa:  113.5  mEq/L.;  K:  1.S8  mEq  I.,.;  HCO3:  2.39  mEq/L.;  ('a: 
0.89  mM/L.;  osmolality:  220  mOsm/L.;  pH:  8.1  at  room  temperature).  Short-circuit 
current  was  measured  at  5  minute  intervals  for  the  initial  .30  minutes.  One  unit  vasopre.s- 
sin  (Pitressin,  Parke,  Davis  and  C'o.)  was  then  added  to  the  .serosal  side,  and  the  short- 
circuit  current  was  determined,  at  2.5  minute  intervals  for  an  additional  15  minutes.  The 
bladders  were  then  blottcsl,  weighed  immediately  and  again  after  24  hours  at  105°  C, 
and  prejiared  for  .sodium,  i)otassium  and  chloride  measurements  by  elution  with  a  known 
volume  of  0.05X’  nitric  acid  for  at  least  48  hours.  Sodium  and  jjotassium  concentrations 
were  determined  by  flame  photometry  (Model  KY-1,  Baird  .Vtomic,  Inc.);  chloride  con¬ 
centration,  by  the  potentiometric  method  of  Sanderson  (5);  osmolality,  with  the  Fiske 
osmometer, 

*  The  first  half-bladder  was  studied  within  minutes  after  sacrifice*,  and  the  second  half¬ 
bladder  was  used  approximately  one  hour  later.  This  delay  resulted  in  an  increased  base¬ 
line  short-circuit  current  and  decreased  response  to  vasoi)ressin,  whether  the  membrane 
was  left  in  situ  or  placed  in  aerated  frog  Ringer  solution  during  the  interval.  The  electri¬ 
cal  resistance  of  the  membrane  was  not  influenced  by  the  delay. 
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Shortly  after  sacrifice,  adrenals  were  excised  as  free  of  renal  tissue  as  possible  and 
stored  frozen  for  incubation  studies.  Pools  of  adrenal  glands  from  25  to  30  toads  were 
homogenized  in  ice-cold  sucrose  solution  with  a  Potter-Elvehjem  homogenizer  prior  to 
incubation  for  3  hours  at  37°  C  under  a  stream  of  97.5%  O2 — 2.5%  CO2  in  a  Dubnoff 
incubator.  The  final  composition  of  the  incubation  medium,  modified  from  Eichhorn  and 
Hechter  (6)  and  Schonbaum  el  al.  (7),  was  as  follows  (per  L.):  200  niM  sucrose,  5  mM 
niacinamide,  5  mM  sodium  fumarate,  5  m^I  MgS04,  1  mM  ATP,  0.5  mM  DPN,  0.5  mM 
TPN,  0.2  mM  K2HP()4,  1.2  mM  NaH2P04.  10  mM  dextrose,  10'  units  penicillin  (1 
potassium,  1  gm.  streptomycin  sulfate,  1  /xc  (18  mk)  4-C'^  progesterone.  After  comi)letion 
of  incubation,  the  contents  of  the  flasks  were  extract(‘d  three  times  with  ethyl  acetate, 
v/v,  then  the  latter  was  evaporated  under  reduced  i)ressure  at  50°  ('.  The  dried  residue 
was  taken  up  for  partition  between  water  and  petroleum  ether,  v/v,  and  the  aqueous 
phase  was  extracted  twice  with  methylene  chloride  which  was  then  eva|)orated  to  dry¬ 
ness.  The  residue,  dis.solved  in  methanol,  was  applied  to  No.  I  W  hatman  paper  for 
chromatographic  development  by  the  formamide-chloroform  system  of  Zaffaroni  (8) 
with  appropriate  steroid  standards.  The  strips  containing  aldosterone  and  corticostt'rone 
w(“re  eluted  separately  with  methanol  which  was  then  evaporated  to  dryness  jirior  to 
chromatography  in  the  system  “R4”  of  Bush  (9).  The  fractions  isolated  after  this  second 
step  of  j)urification  were  submitted  to  acetylation  before  chromatography  in  the  system 
“B2”  of  Bush  (9).  The  final  eluates  were  dried  and  the  residues  dis.solved  for  li(iuid  .scin¬ 
tillation  counting  (Packard  Tricarb  Sjjectrometer)  in  the  following  solution:  50  gm. 
naphthalene,  7  gm.  dii)henyloxazole,  .50  mg.  p-bis  2(5phenylo.xazolyl)  benzene,  in  1  L. 
p-dioxane. 

Aldosterone  was  injected  into  the  toads  as  d,  1  21-monoacetate.  One  mg.  dissolved  in 
1  cc.  ethanol,  was  diluted  to  5-cc.  with  frog  Ringer  solution;  20  pg  were  injected  subcu¬ 
taneously  into  each  animal  daily,  with  the  last  do.se  administered  4  hours  before  sacri¬ 
fice.  W  hen  the  excipient  was  injecti'd  to  groujis  of  control  toads  in  the  same  amounts  and 
on  the  same  schedule,  no  ett’ect  was  f)bserved  on  the  variables  studied. 

RESULTS 

It  was  anticipated  tliat  toads  placed  in  distilled  water  would  lo.se  enough 
sodium  to  the  environment  for  stimulation  of  their  sodium-conserving 
mechanisms  to  take  place.  Therefore,  a  larger  .secretion  of  aldosterone  by 
the  adrenal  glands  of  these  toads  was  expected  with,  as  a  result,  an  increase 
in  sodium  transport  acro.ss  their  bladders.  As  shown  in  Table  1,  the  short- 
circuit  current  was  indeed  greater  under  such  circumstances  than  when 
toads  were  kept  in  saline. 

The  concentration  of  circulating  aldosterone  was  measured  in  2  pools 
of  approximately  80  cc.  toad  plasma’’  with  the  double  isotope  dilution  deri¬ 
vation  technique  of  Kliman  and  Peterson  (10),  Plasma  collected  from 
toads  maintained  in  distilled  water  contained  1.17  pg  of  aldosterone  per 
100  cc.,  contrasting  with  a  concentration  of  0.68  pg  per  100  cc.  when  toads 
were  kept  in  saline.  In  the  same  plasma  pools  the  concentrations  of  corti¬ 
costerone  were  2.64  pg  per  100  cc.  and  8.42  pg  per  100  cc,  re.spectively. 
Furthermore,  it  was  demonstrated  that  aldosterone  and  corticosterone 
originate  from  toad  adrenal  cortical  tissue  as  appears  from  incubation  of 


^  As  the  voluiiu*  uf  plasma  generally  did  not  exceed  2  ee.  per  toad,  these  pools  repre¬ 
sent  blood  collected  from  15  animals  at  least. 
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Fig.  I.  Stimulation  of  active  Na  tran.sport  across  isolated  toad 
bladder  by  aldosterone  in  rico 


adrenal  homogenates  with  C“  labelled  progesterone,  and  recovery  of  radio¬ 
activity  in  the  aldosterone  and  corticosterone  fractions  (Table  2). 

After  these  ol).servations  lending  support  to  the  role  of  aldosterone  in 
the  stimulation  of  active  sodium  tran.sport  acro.ss  the  toad  bladder,  aldo¬ 
sterone  monoacetate  was  injected  to2  groups  of  S  toads  tlie  day  prior  to  the 
experiments.  The  average  short-circuit  current  recorded  acro.ss  the  l)ladders 
from  treated  toads  kept  in  saline  approximated  the  values  olitained  with 
bladders  from  untreated  toads  maintained  in  distilled  water  (Table  1). 
But  a  further  increase  was  observed  in  the  latter  group  after  injection  of 
the  hormone.  The  increa.se  in  short-circuit  current  across  bladders  from 
aldosterone  treated  toads  averaged  53%  when  toads  had  been  kept  in 
distilled  water,  and  73%  when  they  had  been  kept  in  .saline;  in  ab.solute 
terms  however,  the  hormonal  effect  was  more  pronounced  with  toads  kept 
in  distilled  water. 

Vasopressin,  added  after  30  minutes  to  the  serosal  side  of  the  membrane, 
brought  about  a  bri.sk  increase  in  short-circuit  current,  as  illustrated  liy 
Figure  1.  The  extent  of  the  stimulation  was  independent  of  the  pre-existing 
activity  of  sodium  transport,  being  of  al)out  the  same  magnitude  in  all  4 
groups. 

The  difference  in  short-circuit  current  across  the  bladder  from  toads  kept 
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Table  3.  Watek,  t^oDiuM,  potassium  and  chlokihe  coxcextratioxs 
IN  TOAD  BLADDER  TISSUE 

(means  ±S.E.M.) 


Animals  kept  in  distilled  water 


Animals  kejit  in  saline 


Aldosterone  treat- 
Con-  ment 

trol****  - 


AUlosterone  treat- 
Con-  ment 

trol****  - 


1  day**** 


Tissue  water* 

355 . 7 
±20.1 

348.3 

10.3 

Tissue  sodium** 

4.58.4 
+  18.7 

.540 . 0 
34.4 

Tissue  potassium** 

221  .8 
•f  0.7 

308 . 1 
12.0 

Tissue  chloride** 

.320.0 
±  Ut.O 

413.2 

27.3 

Tissue  sodium*** 

137  .<) 

1.50.0 

Tissue  water 

±  0.0 

0.3 

Tissue  potassium*** 

07.0 

80.7 

Tissue  water 

±  3.5 

3.2 

Tissue  eldoi'ide*** 

04 . 4 

110.7 

'1  issue  water 

±3.7 

0.0 

5  days 

1  day**** 

5  days 

338.0 

344.0 

,310.0 

375 . 1 

21  .4 

11  .0 

10.0 

15.8 

400 . 7 

,515 .0 

.507.3 

53.5 . 3 

20.2 

27.4 

10.8 

23.1 

200.3 

2.32.0 

237.7 

300.0 

15.2 

8.3 

0.3 

12.2 

305.1 

323  0 

304 . 1 

380.0 

20.8 

20.0 

13.0 

10.0 

145.7 

151 .0 

1.54.0 

140.0 

10.2 

10.1 

ti.l 

8.4 

70.2 

08.3 

72.8 

81  .5 

7.2 

1  .7 

2.5 

3.5 

110.5 

03.3 

04.5 

100.4 

0.8 

0.3 

2.8 

7.2 

*  ee./nm.  dry  weight. 

**  mpH-ZKIh-  dry  weight. 

***  mpij- /<■<■•  tissue  water. 

****  Vasojiressin  added  to  the  serosal  siirfaee  15  minutes  before  eompletion  of  experiment. 

ill  saline  or  distilled  water,  persisted  despite  aldosterone  administration  for 
1  day.  Two  additional  groups  of  8  toads  were  therefore  given  aldosterone 
daily  for  5  days,  in  an  attempt  to  eliminate  by  a  more  prolonged  hormonal 
treatment  the  influence  of  habitat.  Table  1  shows  that  this  attempt  proved 
successful  since  the  mean  short-circuit  current  measurements  became  iden¬ 
tical,  whether  the  toads  had  been  maintained  in  distilled  water  or  .saline. 
Only  the  average  short-circuit  current  across  the  bladder  of  treated  toads 
immersed  in  saline  showed  a  significant  further  increase.  No  vasopressin 
was  used  in  these  experiments. 

Unlike  the  short-circuit  current,  the  electrical  resistance  of  the  mem¬ 
branes  to  the  passage  of  current®  was  not  modified  by  the  environment 
(Table  1).  Aldosterone  treatment  produced  an  increase  after  1  day,  but 
a  decrease  after  5  days,  of  the  resistance.  No  correlation  could  be  drawn 
between  the  water  and  electrolyte  content  of  the  bladder  tissue  (Table  3) 
and  the  activity  of  sodium  transport,  or  the  electrical  resistance,  acro.ss 
this  membrane. 

Information  derived  from  measurements  of  toad  blood  and  urine  is  .sum¬ 
marized  in  Table  4.  The  environment  (juite  understandably  induced  large 
changes  in  blood  and  urine  osmolalities  and  sodium  and  chloride  concentra¬ 
tions.  It  also  had  an  influence  on  the  excretion  of  pota.s.sium,  as  evidenced 

*  Till*  olpctrical  rosistaiicp  of  the*  toad  bladder  was  measured  by  addiiiij;  100 /x-Vinj).  to 
the  sliort-eireuit  current  and  recording  the  resulting  potential  difference.  It  was  deter¬ 
mined  at  15,  30,  37.5  and  45  minutes. 
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TaBI.K  4.  COMI'OSITIOX  OF  TOAB  1‘LAS.MA,  I  KIXE  AM)  IMMERSION  “MEDII  M’’ 

(mc-ans  +S.E.M.) 


Animals  kept  in  distilled  water  Animals  kept  in  saline 


('ontri)l 

Aldosterone  treatment 

Control 

Aldosterone  treatment 

3  days 

10  days 

1  day 

5  days 

3  days 

10  days 

1  day 

5  days 

122.7 

±4.;i 

115.6 

±3.1 

111.8 

±3.1 

120.1 

±5.4 

PlaKtnn 

Sudium 

(m.eq./L.) 

136 . 7 
±2.3 

128.3 

±3.4 

145.0 

±4.5 

147.8 

±3.1 

3.65 

±0.12 

3.60 

±0.14 

3.82 

±0.20 

4.11 

±0.11 

!*otassium 
(m.eq.  L.) 

3.63 

±0.32 

4 . 23 
±0.12 

3.66 

±0.23 

4.63 

±0.23 

71.5 

±1.6 

67.0 

±2.3 

66.2 

±1.0 

60.3 

±1.0 

(‘liloride 

(m.eq./L.) 

■•3.3 

±4.4 

01 .0 
±1.0 

03.4 

±2.3 

08.3 

±2.3 

(2481 

230 

±3.0 

251 

±1.2 

237 

±7.4 

Osmolality 
(mOsm.  Kff.) 

13211 

205 

±2.0 

13241 

337 

±4.4 

30.6* 

.33.0 

±1.5 

30.4 

±3.1 

— 

Blood  hematocrit 
) 

21.3* 

28.5 

±2.0 

23.7* 

— 

0.86 

±0.3 

0.87 

i  0 . 20 

0.38 

±0.08 

1.47 

-0.46 

f  'riue 

Sodium 
(m.eq.  L.) 

44.8 
±  10.6 

46.3 

71 . 5 
-0.2 

1IH».4 

-8.0 

0.87 

0.85 
r  0 . 25 

0.38 

-0.14 

0.51 

±0,18 

Botas.sium 
(m.eq.  L.) 

4.16 
-  1.6 

4 . 20 
-  1.87 

3 . 25 
rO.74 

0..57 

-0.18 

( ( .  .5.5 
r  0.25 

— 

0.10 

±0.03 

('hloride 
(m.eq.  I..) 

42 . 0 
-  7  ..5 

36 .  .5 
::0.8 

61.4 

±  10.0 

106.6 
±  10.2 

(.571 

35.0 
r  1.7 

44.0 
r  1.5 

38.5 

±2.4 

Osmolality 
(mO.Hin.  Kk.) 

12431 

185 

-21.2 

(2631 

303.5 

±17.1 

0.66 

0.,53 

1  .(Nl 

0.65 

‘  ‘  Mid  i  u  m ' ' 
Sodium 
(m.e(i.  L.) 

- 

(t.48 

0.24 

0.24 

•  0.20 

Potassium 
lin.pq.  L.) 

0.7.5 

1 .00 

1.14 

1 . 15 

0.30 

0.06 

0.75 

0.37 

('hloride 
(m.eq.  L.) 

43 

20.5 

26 . 5 

22 

O.'*molalitv 
(mO.sm.  Kk.) 

31 12 

277 

208 

314 

Values  in  braekets  were  obtaimni  rm  pools.  Values  for  "medium"  and  tlir)s«*  with  an  a.sterisk  represent  the  meansof 
H  or  4  samples  each:  therefore,  no  S  K  \f  is  inelud«‘d  for  them. 


by  the  Ihglier  concentration  of  tliis  ion  in  urine  and  in  the  “inediiun” 
when  animals  were  kept  in  saline. 

After  aldosterone  administration,  the  urine  sodium  and  chloride  con¬ 
centrations  were  strikingly  increased  when  toads  were  kept  in  saline.  As  for 
potassium,  its  concentration  increased  in  blood  and  decreased  in  urine, 
under  hormonal  treatment.  The  results  obtained  for  toads  given  aldo¬ 
sterone  for  .■)  days  were  not  due  to  a  more  prolonged  stay  in  distilled  water 
or  saline  as  appears  from  data  on  untreated  toads  maintained  in  such 
environments  for  10  days. 


DISCUSSIOX 

It  has  thus  been  demonstrated  that  aldosterone  is  a  substance  normally 
secreted  by  the  adrenal  tissue  of  the  toad  Bufo  marinus,  and  that  it  is 
present  in  the  blood  of  this  species  in  sizalde  concentrations  dependent,  to 
a  certain  extent  at  least,  on  the  habitat. 

More  than  20  years  ago,  Krogh  (11)  reported  that  frogs,  after  a  month 
spent  in  distilled  water,  were  al>le  to  “pump  in”  chloride  to  the  extent  that 
i  this  ion  could  no  longer  be  measured  in  tap  water  into  which  the  animals 

I 

_ 


680 


CRABBf: 


Volume  69 


had  been  transferred.  After  placing  frogs  in  distilled  water  for  a  few  days, 
an  increase  in  short-circuit  current  across  the  isolated  frog  skin  was  re¬ 
ported  by  Jorgensen  (12).  Maetz  et  al.  (13)  made  the  same  ob.servation  and 
assumed  that  aldosterone  secretion  was  stimulated  under  such  circum¬ 
stances.  They  considered  this  stimulation  as  the  cause  for  the  increased 
short-circuit  current.  It  is  their  work  that  prompted  the  use  of  a  distilled 
water  or  saline  habitat  for  the  toads  as  a  means  to  influence  their  endog¬ 
enous  .secretion  of  aldosterone,  and  thereby  active  sodium  transport  acro.ss 
their  bladders.  This  approach  was  preferred  to  adrenalectomy  becau.se,  al¬ 
though  the  latter  has  been  performed  on  amphibians  (14,  1.5,  10),  the 
anatomical  relationship  between  the  adrenal  gland  and  the  kidney  is  such, 
in  Hufo  marinus  at  least,  that  the  renal  function  is  bound  to  be  markedly 
compromised  after  complete  destruction  or  removal  of  the  adrenal  tissue. 

The  presence  of  aldosterone  has  been  reported  in  lower  vertebrates;  it 
has  been  isolated  from  the  blood  of  the  spawing  male  .sockeye  salmon  (17) 
and  after  incubation  of  interrenal  ti.ssue  of  the  killifish  (18).  Carstersen 
ct  (tl.  (19)  have  shown  it  to  be  quantitatively  the  major  steroid  recovered 
after  incubation  of  adrenal  slices  from  the  bullfrog  Rana  catesbicuui.  It  is 
apparent,  from  the  present  studies,  that  aldosterone  repre.sents  an  impor¬ 
tant  fraction  of  the  adrenal  secretion  of  Ihifo  mariuus.  ^^’ith  radioactive 
progesterone  as  a  precursor,  twice  as  much  activity  appeared  in  the  aldo¬ 
sterone  fraction  as  in  the  corticosterone  fraction. 

It  would  have  been  interesting  to  compare  the  production  of  aldosterone 
by  adrenal  homogenates  from  groups  presumably  secreting  the  hormone 
at  a  different  rate.  Unfortunately,  no  reliable  standards  of  reference  for 
such  a  study  were  available.  The  weight  of  adrenal  tissue  could  not  be 
determined  owing  to  contamination  by  adhering  renal  parenchyma.  On 
the  other  hand,  the  production  of  corticosterone  cannot  be  taken  as  an 
index  of  the  amount  of  incubated  adrenal  ti.s.sue  becau.se  the  tran.sforma- 
tion  of  progesterone  into  corticosterone  is  probably  not  independent  from 
the  environment  to  which  the  toads  were  exposed.  Eisenstein  and  Hartroft 
(20)  have  indeed  shown,  by  incubation  of  rat  adrenal  slices,  that  the  rate 
of  production  of  corticosterone  as  well  as  that  of  aldosterone  was  modified 
by  sodium  depletion.  In  contra.st  with  the  results  of  adrenal  homogenate 
incubations,  the  concentration  of  corticosterone  in  plasma  was  higher  than 
that  of  aldosterone.  This  apparent  discrepancy  may  be  due  to  the  shorter 
biological  half-life  of  aldosterone,  as  has  been  ob.served  in  man  (21,  22). 
It  is  noteworthy  that  the  concentration  of  aldosterone  in  toad  plasma  is 
at  l(‘ast  ten  times  that  found  in  normal  man  (22,  23,  24). 

The  increased  concentration  of  circulating  aldosterone  after  expo.sure  of 
toads  to  distilled  water  is  thought  to  be  the  reason  for  the  increase  in  net 
.sodium  tran.sport  demon.strated  acro.ss  the  bladders  of  the.se  animals  be¬ 
cause  administration  of  exogenous  aldosterone  also  had  this  effect.  Maetz 
cl  al.  (13)  showed  that  injections  of  aldosterone  for  a  week  to  frogs  kept 
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in  saline  brought  the  short-circuit  current  readings  to  the  values  found 
when  frogs  had  been  kept  in  distilled  water.  AVith  the  toad  bladder,  one 
day  of  treatment  with  the  hormone  was  sufficient  to  induce  definite  changes 
in  short-circuit  current.  .Also,  injection  of  aldosterone  to  toads  kept  in 
distilled  water  increased  the  short-circuit  current  further.  The  persistence 
of  a  difference  in  sodium  transport  by  bladders  from  toads  immersed  in 
saline  or  distilled  water  despite  one  day  of  administration  of  relatively 
large  doses  of  aldosterone,  could  be  interpreted  as  meaning  that  aldosterone 
was  not  the  sole  factor  involved  in  tlje  influence  of  habitat.  However, 
after  o  days  of  treatment  with  steroid,  sodium  transport  proceeded  at  the 
same  rate  across  the  bladders  of  both  groups  of  toads.  Studies  carried  out 
in  man  have  already  revealed  that,  even  when  large  doses  of  aldosterone 
were  used,  more  than  one  day  of  administration  was  required  befoie  a 
maximum  degree  of  sodium  retention  by  the  kidney  could  be  achieved 
(25,  2()). 

Williams  and  .Angerer  (27)  have  recently  reported  that  the  potential 
difference  across  the  isolated  frog  skin  was  decreased  by  adrenalectomy  and 
stimulated  after  injection  of  adrenal  cortical  extract  to  the  animals.  These 
changes  are  probably  the  consequence  of  changes  in  the  activity  of  sodium 
transport  by  the  preparation.  It  is  apparent,  from  Table  1,  that  the  po¬ 
tential  difference  across  the  toad  bladder  was  increased  by  stimulation  of 
endogenous  aldosterone  secretion  or  after  administration  of  the  hormone. 
.Vn  increased  sodium  uptake  across  the  Axolotl  skin  has  been  observed 
after  injections  of  ACTII  to  the  animal  (28);  whether  this  effect  can  be 
accounted  for  entirely  by  a  stimulation  of  aldosterone  secretion  is  impos¬ 
sible  to  claim,  however.  The  stimulation  of  sodium  transport  resulting 
from  addition  of  vasopressin  in  vitro  to  the  serosal  surface  of  the  toad 
bladder  (4)  was  found  to  be  merely  superimposed  upon  the  previous  ac¬ 
tivity  of  this  process.  This  is  also  in  agreement  with  the  results  of  .Maetz 
et  al.  (13)  with  the  isolated  frog  skin. 

Despite  a  substantial  stimulation  of  luR  sodium  transport  across  the 
toad  bladder,  and  presumably  the  toad  skin  and  naial  tubule,  then*  was  no 
conspicuous  effect  of  aldosterone  treatment  on  blood  hematocrit  or  plasma 
sodium  and  chloride  concentrations  and  osmolalities.  One  possible  reason 
is  that  in  toads  kept  in  saline  a  rise  in  glomerular  filtration  rate  nullified 
the  results  of  a  stimulation  of  sodium  transport. 

The  effects  of  aldosterone  on  urine  sodium  concentration,  and  on  the 
concentration  of  potassium  in  plasma  and  urine,  are  the  opposite  of  what 
is  observed  in  mammals  given  the  hormone,  for  reasons  that  are  not  ap¬ 
parent. 

The  lack  of  significant  changes  in  bladder  tissue  composition  despite 
large  variations  in  sodium  transport  induced  by  aldosterone  and  environ¬ 
ment  corresponds  to  similarly  negative  findings  in  isolated  toad  bladders 
exposed  to  vasopressin  (Leaf,  unpublished  data). 
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These  observations  establish  the  physiological  significance  of  aldosterone 
for  the  toad  Rufo  marinus,  and  they  were  considered  essential  preliminaries 
to  an  attempt,  actually  successful  (29),  to  demonstrate  a  direct  stimulation 
of  active  sodium  transport  by  the  isolated  toad  bladder  preparation  upon 
addition  of  aldosterone  in  vitro. 
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THE  EARLY  PHASE  OF  THYROID  HORMONE 
FORMATION:  STUDIES  IN  TISSUE  SLICES' 
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ABSTRACT 

Shoe])  thyroid  slices  wore  incubated  for  various  periods  of  time  in  l)uffered 
solutions  containiiiK  1'®*.  The  naturi*  and  the  distribution  of  labeled  comi)o- 
nents  were  determined. 

The  sliees  accumulated  up  to  7{)%  of  flask  1'“'  during;:  1  hour,  but  a  laifie  frac¬ 
tion  of  this  iodi(h'  was  not  bound  to  i)rotein  as  I’ltl'-*'. 

Slices  were  homof>eniz(“d  and  PHI*’'  content  of  the  separated  nuclear,  mito¬ 
chondrial,  microsomal,  and  sup*'rnatant  fractions  of  tlu'  homofjenate  was  detiu- 
mined.  Xo  definite  evidenct'  of  transfer  of  particulate  PHI*’*  to  the  soluble  frac¬ 
tion  of  the  cell  was  obtaimal,  althoUf;h  this  phenomenon  was  suf!;j!;ested  by  some 
(‘xperiments.  Labeled  M I'l’  and  1)1T  were  ])resent  in  thyrofrlobulin  within  2 
minutes  aftt'r  start  of  incubation,  but  thyroxine  and  triiodothyronine  were  not 
identified.  In  most  experiments  DIT  .MIT  ratio  increased  »:radually  duriiift 
incubation. 

The  only  soluble  labeled  protein  identiti(‘d  was  thyrouilobulin. 

Till']  procc.s.s  of  thyroid  hornioiu*  hiosonosis  in  vivo  is  piv.sumcd  to 
proo(*(>d  hy  way  of  th(‘  concont ration  and  oxidation  of  iodide,  )>indinf»; 
of  the  oxidizc'd  iodine  atom  to  tyrosine  of  tliyro{>;lol)ulin  with  production 
of  monoiodotyrosine  (MIT)  and  diiodotyro.sine  (DIT),  and  siih.sequent 
coupling  of  iodotyrosines  to  form  iodothyronines.  Thyroglol)ulin,  according 
to  some  ob.servers,  is  iodinated  after  its  secretion  into  tlie  colloid  (1).  Pro¬ 
tein  firmly  attached  to  cell  particulate  elements  (nuclei,  mitochondria,  and 
microsomes)  is  also  iodinated.  The  formation  of  .soluble  iodoproteins  other 
than  thyroglobulin  in  normal  and  abnormal  human  and  animal  tissue  has 
been  ob.served  (2,  8,  4).  The  latter  proteins  have  not  be('n  purified  but  ap¬ 
pear  to  be  of  smaller  molecular  size  than  thyroglolnilin.  Their  significanc(‘ 
in  hormone  synthesis  is  unknown.  Metabolism  of  iodide  in  thyroid  slices 
in  vitro  is  apparently  .similar  to  the  in  vivo  process,  although  evidence  of 
formation  of  iodotln’ronines  is  u.sually  lacking  (5,  b). 

Little  information  is  available  on  the  pha.se  of  hormonog(‘nesis  occurring 
during  the  first  few  minutes.  It  seenu'd  possible  that  important  pn'cursor- 
product  relationships  could  be  observtul  during  this  pc'riod,  while  such 
relationships  might  be  obscured  at  a  more  remote  interval  after  P^'  labeling 
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of  the  gland  by  the  accumulated  mass  of  labeled  thyroglobulin.  The  studi(‘s 
reported  here  were  undertaken  on  sheep  thyroid  slices  to  determine  if  th(M(' 
is  accumulation  of  organic  iodine  within  a  subcellular  fraction  before  its 
entry  into  soluble  thyroglobulin,  if  MIT  appears  prior  to  DIT,  and  if  p(‘p- 
tide  precursors  of  thyroglobulin  are  formed.  Parallel  observations  on  hor- 
monogenesis  in  rat  thyroids  studied  in  vivo  are  described  in  an  accompany¬ 
ing  paper  (7). 


METHODS 

Slice])  thyroid  slices  0.5  mm.  thick  were  ])rcj)arcd  with  a  Stadic-Ri^gs  tissue  sliccr. 
Washed  slices  weighing  in  total  250  mg.  were  incubated  in  5  ml.  of  Krehs-Ringer  j)hos- 
})hate  buffer  for  the  desired  time  interval  at  37°  in  a  nn'chanical  shaker  in  25  ml.  flasks 
e.\|)osed  to  air.  The  buffer  contained  1  millimicromole  KI‘^"  and  5-10  juc  Nal’’’  per  ml. 
.Vfter  incubation  slices  were  rinsed,  blotted,  cooled  to  bedow  4°  ('.  and  homogmiizi'd  in 
.25  M  sucrose  within  1  minute.  .\n  aliquot  of  homogenate  was  fractionated  by  centrifu¬ 
gation  into  nuclear,  mitochondrial,  microsomal,  and  soluble  (supc'rnatant)  fractions  (8). 
The  last  fraction  presumably  includes  soluble  cell  proteins  and  colloid.  Total  I'^',  PBI'-" 
(j)rotcin  bound  iodide'^'),  and  i)rotcin  content  were  determined  on  each  fraction,  as  well 
as  the  distribution  of  I'’'  among  the  amino  acids  of  the  labeled  i)roteins. 

Protein  hydrolysis  was  accomplished  by  incubation  with  pancreatin  (0.1  mg.  per  mg. 
])rotein)  in  solutions  buffered  at  pH  8.4,  for  48  hours  at  37°  C  (9).  Samples  were  chro- 
matograj)hed  with  and  without  prior  hydrolysis  in  the  n-butyl  alcohol-2N  acetic  acid 
(1  :1,  V  v)  or  n-butyl  alcohol-ethanol-2N  ammonium  hydroxide  (5:1  :2,  V/'v  v)  systems 
using  the  ascending  technique.  Free  io<lide  was  sej)arated  from  PBl'^*  by  chromatogra- 
l)hy  prior  to  hydrolysis.  Location  of  lalxded  compounds  was  achic'ved  b_v  the  addition  of 
carrier  amino  acids  and  stable  K1  as  previously  described  (10). 

P”  content  of  sami)les  was  determined  in  a  well  scintillation  gamma  ray  detector. 
Paper  electro|)horesis  was  done  as  j)reviously  descrilM'd  (10).  Starch  gel  electrophoresis 
was  done  according  to  the  technique  devised  by  Smithies  (11),  and  location  of  labeled 
comi)onents  was  dedermined  by  serially  counting  i)ortions  of  the  gel  in  the  gamma  ray 
detector.  Protein  content  of  samj)les  was  determined  by  the  method  of  Lowry  (12). 

Results  from  thirteen  .slice  .studies  are  included  in  this  report.  Numbers  ai)pearing  in 
text  and  figures  identify  the  study  from  which  the  data  wore  taken. 

RESULTS 

uptake  and  incorporation  into  protein 

Slice  uptake  of  increased  with  time,  reacliing  17-70%  of  total 
pre.sent  in  the  incubating  flask  at  60  minutes  (Fig.  1).  Average  uptake  for 
all  .studies  at  60  minutes  was  58%.  The  uptake  of  dififerent  preparations 
varied  widely,  apparently  due  to  differences  in  the  functional  state  of  the 
sheep  ti.ssue  obtained.  Slice  incubating  fluid  iodide'®'  ratios  wen*  not 
directly  determined.  However,  an  accumulation  of  5%  of  total  flask  I'®' 
as  free  slice  iodide'®',  which  would  represent  a  ratio  of  1:1,  was  exceed('d 
in  each  experiment  by  the  end  of  10  minutes’  incubation. 

In  the  early  minutes  of  incubation  much  of  the  collected  I'®'  was  present 
as  free  iodide,  not  found  to  protein.  This  free  iodide  constituted  over  84% 
of  total  slice  I'®'  at  1  minute,  .50-85%  at  20  minutes,  and  .5-52%  at  120 
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Fig.  1.  Uptake  of  1'^'  by  tliyroid  slices  from  incubation  media  during 
jieriods  up  to  240  minutes  is  dejiicted. 


minutes  (Fig.  2).  Average  free  slice  iodide  at  60  minutes,  for  all  studies  in 
which  these  data  were  determined,  was  49%.  Xo  correlation  was  oh.servi'd 
between  percent  uptake  at  60  minutes,  and  pi'rcent  of  slice  iodide  rtmiain- 
ing  free. 

Distribution  of  slice  between  sitb-eellular  eornponents  and  supernatant 

fraction  (Fig.  8) 

In  three  experiments  (6,  S,  and  11)  tlu*  proportion  of  total  slice 
present  in  the  supernatant  fraction  was  40-S8%  at  1  rninuti',  ro.se  rapidly 
to  87-95%  at  twenty  minutes,  and  then  remained  at  this  level  during  the 
sub.sequent  period  of  observation.  In  thre(‘  other  experiments  on  which 
comparable  data  were  obtained  (4,  5,  and  10),  a  .similar  increase  in  the 
proportion  of  total  .slice  PBP®‘  pre.sent  in  the  supinnatant  fraction  was  not 
observed.  This  difference  in  behavior  did  not  correlate  with  either  slow  or 
rapid  uptake  and  binding  of  P'”  by  the  s  ices.  The  proportion  of  total 
slice  PBI'**  pre.sent  in  the  combin(‘d  particulate  fractions  (nuclei  plus 
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Fig.  4.  The  diagram  details  distribution  of  total  slice  PBI'-’*  among  the  four  een- 
trifugally  .separated  homogenate  fractions  jirepan'd  from  slices.  The  increase*  during 
incubation  in  proportion  of  total  slice  PHR’*  present  in  the  supe'rnatant  fraction  would 
be  consistent  with  a  transfer  of  PRP”  from  particulate  to  solubh*  components  of  the* 
tissue. 


mitochondria  plu.s  microsomc.s)  necc.'^sarily  moved  in  an  opposite  dir(‘etion 
to  that  in  the  supernatant  fraction.  The  nuclear  fraction  u.sually  contained 
more  PBI'*'  at  all  times  than  the  mitochondrial  fraction,  which  in  turn 
cont aim'd  more  than  the  microsomal  fraction.  It  must  be  noted,  however, 
that  the  nuclear  fraction  undoubtedly  contained  broken  cells  and  con¬ 
taminating  mitochondria  and  microsomes,  in  addition  to  nuclei.  The  mito¬ 
chondrial  fraction  likewi.se  probably  contained  contaminating  microsomes. 
Although  the  total  in  each  fraction  increa.s(‘d  at  each  tin  e  interval, 

Fig.  8.  lu  Figs.  3  and  4,  percent  of  total  slice  PBP^'  appears  on  the  ordinate,  and  incu- 
liation  time  on  the  abscissa.  The  percent  of  total  slice  PBI”'  present  in  supernatant  frac¬ 
tion  of  homogenates  prejiared  from  incubated  slices  is  shown.  There  was  a  progre.ssive 
increase  in  the  proportion  of  PBP®'  present  in  supernatant  fraction  during  incubation  of 
slices  of  series  6,  8,  and  11,  but  this  was  not  observed  in  series  4,  5,  and  10. 
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Fig.  5.  .Vliqiiots  of  nucloar,  mitochondrial,  microsomal,  and  supernatant  fractions  of 
the  homogenate  pn'pared  from  .slices  ineiihated  for  hO  minutes  were  suhjeeti'd  to  starch 
>?el  electrophoresis.  The  anodal  migration  of  protean  components  is  shown  on  the  ab¬ 
scissa,  and  RBI''*'  content  on  the  ordinate.  In  the  particulate  fractions  over  90%  of  BBI'^' 
remained  at  the  origin.  In  the  supernatant  fraction  over  90%  moved  with  thyroglohidin. 


only  the  .supernatant  fraction  progres.sively  accumulated  PBI*®’  relative  to 
PBpsi  ill  tji(>  other  cell  fractions.  Distribution  of  total  slice  PBP®‘  in  each 
fraction  of  the  slice  homogenate  is  diagrammed  in  Figure  4  for  one  study. 

Particulate  fraction  PBP®'  was  not  simply  contaminating  soluble  thyro- 
globulin.  This  is  evident  from  the  diagram  of  starch  gel  electrophoresis  of 
the  particulate  fractions  showing  that  over  90%  of  this  PBP®‘  remained 
at  the  origin,  in  contra.st  to  the  anodal  migration  of  supernatant  fraction 
PBpsi  under  similar  conditions.  Particulate  fractions  did  contain  about 
10%  of  their  PBP®'  as  soluble  thyroglobulin  (Fig.  5). 

Distribution  of  P^‘  or  PBP®‘  was  not  identical  to  that  of  protein.  Eight¬ 
een  to  29%  of  total  slice  protein  was  found  in  the  nuclear  fraction,  10-18% 
in  the  mitochondrial,  1-6%  in  the  micro.somal.  and  52-70%  in  the  .sup(*r- 
natant  fraction.  There  was  no  progr(‘s.sive  alteration  in  this  distribution 
during  four  hours’  incubation. 
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1.50 


Fig.  0.  The  labeled  DIT/MIT  ratio  jiresent  in  digests  of  slice  homogenate  super¬ 
natant  fractions  aj)|)ears  on  the  ordinate,  and  the  time  of  incubation  on  the  abscissa.  A 
distinct  increase  in  this  ratio  was  observed  in  series  3,  4,  (5,  8,  and  10. 

lodinated  orgauic  compounds  formed 

Pancreatin  digestion  of  homogcaiato  or  subcidlular  fractions  resultc'd  in 
liberation  of  monoiodotyro.sine  and  diiodotyrosiin*,  but  thyroxiin*  and 
triiodothyronine  were  not  definitely  observed.  The  thyroxine  and  triiodo¬ 
thyronine  carrier  areas  contained  0  to  7%  of  total  radioactivity,  but  the 
proportion  did  not  increa.se  with  time.  On  radioautography  this  !'•*'  did 
not  overlap  the  stable  iodothyronine  markers.  This  material  was  not 
.studied  in  multiple  solvent  sy.stems,  but  was  a.ssumed  to  be  other  than 
labeled  iodothyronines.  Usually  le.ss  than  10%  of  PBP**  remaiiu'd  undi¬ 
gested  after  48  hours. 

The  ratio  of  diiodotyrosine  monoiodotyro.sine  in  homogiuiates  prepan'd 
from  slices  ranged  from  0.2  to  1.3.  It  was  not  related  to  percent  uptake 
of  P®‘  by  the  slice.  Although  the  diiodotyro.sine  monoiodotyro.sine  ratio 
tended  to  increase  with  time,  the  ratio  was  largely  a  function  of  the  par¬ 
ticular  preparation  being  .studied  (Fig.  6).  Thus,  variations  between  slice 
preparations  were  gri^ater  than  changes  with  time  during  incubation  of  any 
given  preparation.  Although  data  are  in.sufficient  for  statistical  analysis, 
groups  which  demon.strated  an  increasing  DIT  MIT  ratio  during  incuba¬ 
tion  (3,  4,  6,  8,  10)  also  had  a  higher  than  average  uptake  at  one  hour  (o6%) 
and  less  free  iodide  at  the  time  (34%).  Conversely,  groups  5,  9,  and  13, 
which  did  not  have  an  increase  in  DIT  AIIT  ratio,  had  lower  than  average* 
uptake  (37%)  and  more  free  iodide  (63%)  at  one  hour.  As  early  as  io- 
dinated  tyrosines  were  detectable,  both  mono-  and  diiodotyrosine  wen* 
always  present  (Table  1).  The  ratios  of  DIT  MIT  were  gro.s.sly  .similar  in 
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Table  1.  Pancreatix  digests  were  prepared  from  aliocots  of  ixci  batixg 

FLITD,  WHOLE  SLICE  HOMOGEXATE,  AXD  HOMOGEXATE  FRACTIOXS  AFTER 
SLICES  WERE  IXCl'BATED  FOR  2  TO  120  MIXCTES 

The  percent  of  I’’*  in  ascending  chromatograms  appearing  at  the  origin  and  in  the  areas 
of  stable  DIT,  MIT,  I,  T4  (thyroxine)  and  T3  (triiodothyronine)  markers  is  tabulated. 


Time 

(mins.) 

Origin 

DIT 

MIT 

I 

T4 

T3 

inevdiating 

2 

0.2 

0.2 

0.8 

07.0 

0.3 

0.2 

fluid 

5 

0.2 

0.2 

0.7 

07.1 

1 .5 

0.2 

20 

0.3 

0.5 

1.1 

06.8 

0.6 

0.3 

60 

0.6 

0.7 

2.5 

02.0 

3.4 

0.4 

120 

1  .0 

1  .2 

5.8 

07.2 

3.4 

0.5 

Homogeiiate 

2 

0.3 

0.4 

1.0 

06.6 

1 .0 

0.2 

o 

1 .4 

2.0 

6.0 

88.0 

1.1 

0.4 

20 

1 .6 

2.2 

8.6 

84.5 

1.7 

0.4 

60 

O  .  i 

8.5 

21 .0 

.50.1 

2.0 

0.5 

120 

11.0 

14.2 

30.1 

27.2 

1 .5 

0.7 

Nuclear 

2 

2.6 

4.2 

15.4 

70.8 

1.8 

1 .7 

fraction 

5 

3.8 

4.0 

10.2 

64 . 6 

1  .8 

1 .8 

20 

4.2 

4.0 

22.4 

60.0 

3.7 

1 .2 

60 

6.1 

8.4 

31 .0 

45.0 

2.1 

1.1 

120 

11  .6 

14.6 

40.0 

23.8 

1  .0 

0.8 

Mitochondrial 

2 

2.5 

2.8 

19.2 

57 . 6 

5 . 7 

2.8 

fraction 

5 

4.0 

2.4 

23.3 

53.8 

3.4 

5  .(> 

20 

3.8 

7.0 

24.5 

49.8 

2.0 

5.8 

60 

7.1 

6  0 

33.0 

43.0 

2.6 

2.1 

120 

0.1 

0.0 

30.5 

33.3 

2.1 

1  .0 

Microsomal 

2 

2.7 

4.8 

1 6 .  .5 

58.3 

7  .(■) 

4.0 

fraction 

,  5 

5 . 1 

6.7 

25.1 

45.6 

4.0 

2.0 

20 

5.8 

6.1 

10.6 

.52.0 

2.7 

4.3 

60 

1  .4 

6.8 

25.0 

44.0 

2.0 

3.5 

120 

8.4 

0.4 

31  .2 

37.1 

1  .0 

2.3 

Supernatant 

2 

0.2 

0.4 

1.4 

94.0 

1 .4 

0.5 

fraction 

5 

1  .2 

1 .8 

4.0 

00.0 

1.1 

0.5 

20 

1  .0 

1  .6 

5 .() 

00.6 

0.0 

0.1 

60 

5 .  (» 

7  7 

20.0 

62 . 5 

2.1 

0.1 

120 

10.6 

10.3 

3().0 

20.0 

1.7 

0.3 

(‘acli  homogt'iiate  fraction  oxc(*pt  tlu*  mitochondrial,  in  which  fraction 
DIT/MIT  ratios  tended  to  he  lower  (Fig.  7). 

Proteins  iodinated 

In  starch  gel  electrophoresis  studies  of  preparations  incubated  from  1 
minute  to  4  hours,  the  only  iodinated  .soluble  protein  detected  was  thyro- 
glolmlin  (F'ig.  8).  In.soluble  protein  attached  to  cell  particles  was  also 
iodinated,  and  remained  at  the  origin  on  electrophoresis,  as  shown  in 
Figure  5. 

DISCUSSION 

Uptake  of  P®*  by  the  thyroid  slices  increased  progressively  with  time, 
and  there  was  no  marked  decrease  in  rate  during  4  hours  of  incubation. 
Accumulation  of  iodide  in  excess  of  binding  was  apparent,  .suggesting  that 
iodide  transport  was  not  the  rate  limiting  step  in  these  preparations.  This 
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MINUTES 

Fig.  7.  The  labi'li'd  DIT/MIT  ratios  in  diffcsts  of  protidn.s  in  niitocliondrial  and 
supernatant  fraction  arc  diaKramincd  at  intervals  durinf?  incubation.  Supernatant  frac¬ 
tion  maintained  a  liiKber  ratio. 


finding  i.s  .similar  to  the  observation.s  of  Ihghar  and  Freinkel  on  rat  tliyroids 
in  vivo  (i:^). 

Tlie  increase  in  proportion  of  total  slice  homogenate  pre.sent  in 

the  supi'rnatant  fraction  and  relative  decrease  in  particulat(*  fraction  PBl'"** 
ob.served  during  the  first  twenty  minutes  of  incubation  of  three  prepara¬ 
tions  is  compatible  with  a  proce.ss  of  transfer  of  particulate  PBP**  to  soluble 
fraction.  An  alternative  explanation  could  be  an  early  saturation  of  par¬ 
ticulate  protein  iodinating  site's,  with  continued  iodination  of  .soluble  pro¬ 
tein. 

Identity  of  the  insoluble  particulate  fraction  PBP®‘  is  not  known.  The 
particulate  PBP®‘  could  be  (1)  thyroglobulin  firmly  attaclu'd  to  cell  par¬ 
ticles,  (2)  a  peptide  precursor  of  thyroglobulin  attached  to  celt  particle's, 
(3)  unre'late'el  iodinate'el  particulate  prote'ins.  Either  of  the'  first  two  pos¬ 
sibilities  woulel  fit  with  a  hypothe'tical  transfer  of  PBP-’‘  from  particulate' 
to  soluble  fraction.  The  last  possibility  is  .suggested  by  the  diffe're'iice  in 
ioelinate'd  amino  aciel  analyse\s  between  particulate  and  soluble  fraction 
prote'in.  The  DIT/MIT  ratio  was  ob.served  to  be  lower  in  mitochondrial 
than  supernatant  fraction.  A  similar  discrepancy  between!  particulate  and 
supernatant  fraction  iodinated  amino  acid  analy.sis  has  be'eni  reported  by 
Robbins  et  ol.  (2).  The  particulate  PBP®‘  of  the  nucle*ar  fraction  is  thought 
to  be  in  cytoplasmic  particles  attached  to  the  nuclen,  but  not  in  the  nucle'i 
themselves  (14). 

Most  available  evielence  on  the  .site  of  iodination  of  thyroglobulin  is 
eleriveel  from  autoradiographic  .studie's  (1,  15,  Ifi).  The  ob.scrvations  of 
Wollman  (1),  in  particular,  support  the  concept  that  ioelination  occurs  on 
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Fig.  8.  Distribution  of  protein  components  and  PBI'*'  are  shown  for  supernatant 
fraction  of  slices  after  various  periods  of  incubation.  Anodal  migration  of  proteins  is 
depicted  on  the  abscissa,  and  PBI”'  content  on  the  ordinate.  Only  the  tln  roglobulin 
band  was  consistently  labeled. 


pre-formod  thyroglohulin  inside  the  colloid.  This  hypothesis  requires  that 
the  “oxidized”  form  of  iodine  diffuses  from  the  cell  into  the  colloid,  or  that 
trapped  iodide  is  oxidized  within  the  colloid.  The  latter  concept  is  espe¬ 
cially  difficult  to  support,  since  no  oxidizing  system  has  been  found  in  tin* 
soluble  constituents  of  thyroid  ti.s.sue.  Surely  some  iodination  of  protein 
occurs  within  the  cells,  as  evidenced  by  the  appearance  of  cell  particulate 
in  this  and  other  .studies  (2,  4,  10),  and  the  appearance  of  PBI**' 
in  fetal  thyroid  glands  prior  to  formation  of  colloid  (17,  18).  Whether  the 
particulate  PBI'®*  can  indeed  serve  as  precursor  of  soluble  iodinated  thyro- 
globulin,  as  .suggested  by  the  relative  decrease  of  particulate  PBP*‘  during 
incubation,  was  not  establish(*d  by  this  .study.  The  possibility  of  transfer 
of  particulate  PBP®*  to  soluble  fraction  is  being  inve.stigated  further  at 
present  in  this  laboratory. 

Soluble  thyroglobulin  was  iodinated  within  1  minute.  This  observation 
.sugge.st.s  that  protein  synthesis  is  completed  within  one  minute,  or  that 
iodination  takes  place  in  previously  formed  but  non-iodinated  proteins. 
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Tlie  iodination  is;  not  simply  an  oxchange  reaction,  as  added  stable  iodid(‘ 
will  not  remove  an  P**  label  from  thyroid  tissue  in  vivo  or  in  vitro  (5). 

Both  MIT  and  DIT  were  present  in  the  earliest  hydrolysates.  The  r’atio 
of  diiodotyrosine  to  rnonoiodotyrosine  terrd(*d  to  inci’ease  with  time,  and 
a  stable  ratio  had  probalrly  not  been  reached  Iry  4  hoitrs.  The  second  iodirta- 
tion  of  tyrosyl  followed  so  quickly  after  the  primary  iodinatioir  that  mono- 
iodotyrosine  was  not  observed  as  the  only  iodinated  constitirent  of  tin' 
.slic(‘.  That  there  was  no  I’adical  change  in  the  ratio  of  DIT  MIT  in  4  hours 
of  incubation  sugg(*sts  that  rnonoiodotyr-osine  is  not  simply  a  precursor-  of 
diiodotyrosine.  Perhaps  a  portion  of  monoiodotyrosirre  fornu'd  irndergor's 
arr  immediate  second  iodination,  while  another  portion  is  not  firr-thm- 
iodirrat(*d.  This  specificity  of  iodinatiorr  might  depend  on  steric  arrangr'- 
rnent  in  thyroglobulin,  iodide  .supply,  or  other  factors,  and  would  not 
contr-adict  the  presently  accepted  hypothesis  of  a  single  errzyrne  cort- 
trollirrg  the  formation  of  rnorro-  arrd  diiodotyro.sin(‘.  An  altr'rnative  to  this 
concept  woirld  ire  the  progr-(‘ssive  total  corrver.sion  of  MIT  to  DIT.  To 
rnairrtain  corrstant  lalreled  DIT  MIT  r-atios  at  some  period  r-mnote  fr-orn 
tire  initial  labelirrg,  it  would  then  be  necessary  to  assirrne  rapid  degradatiorr 
of  lalreled  iodoarnino  acids  arrd  recycling  of  the  liber-ated  iodide;  otherwise 
all  labeled  MIT  would  Ire  corr verted  to  DIT.  Available  evidence  does  not 
permit  di.sproof  of  this  po.s.sibility,  Irut  it  is  itrrlikely  that  the  irrtrathyr-oidal 
deiodirratiorr  cycle  is  sufficierrtly  active  to  sirpport  such  a  proce.ss. 

The  ratio  of  DIT  MIT  was  lower  in  mitochondrial  tharr  in  th(‘  suprn-- 
natarrt  fractiorr,  as  r-epor-t(‘d  by  Torrg  (19),  birt  the  sigrrificance  of  this  ob- 
servatiorr  is  not  clear. 

Inability  to  demonstrate  iodothyronirres  irr  the.se  .stirdies  could  b('  dur* 
to  lack  of  irrculratiorr  for  a  .sufficierrt  per-iod  of  time,  or  damage  to  the 
nec(*.s.sary  enzymic  factors  of  the  coupling  pr-ocess. 

It  was  of  cortsiderable  irrterest  that  thyr-oglobulin  was  the  only  solubh' 
iodoprotein  detected  even  as  early  as  orre  minute  after  the  start  of  incuba- 
tiorr.  No  data  .suggested  the  formation  of  a  .solirlrle  polypeptide  precursor 
of  thyroglobulirr. 
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THK  EARLY  STAGE  OF  THYROID  HORMONE 
FORMATION:  STUDIES  ON  RAT 
THYROIDS  IN  VIV(y 

LESLIE  J.  DeGROOT  and  ANN  M.  DAVIS 

Departments  of  Medicine,  Harvard  Medical  School  and  Massachusetts  (leneral 
Hospital  {Thijroid  I’nit),  Boston,  Massachusetts 

ABSTRAC'T 

Lal)i*l(*<l  coinpoiuMits  of  thjTokls  from  normal  and  iodiiu'-doficu'nt  rats  liavo 
been  studh'd  2  minntos  to  24  hours  after  subeutaneous  injection  of  I'*'. 

Normal  glands  collected  1%  of  dose  at  120  minutes,  whereas  the  iodine- 
deficient  group  collected  12%.  Both  groups  accumulated  l'^*  in  excess  of  bind¬ 
ing  during  the  early  minutes  of  observation.  Transfer  of  PBI'^'  from  i)artieulate 
to  supernatant  fraction  was  not  |)roved.  However,  in  studies  on  the  distribu¬ 
tion  of  total  gland  homogtmate  BBI'^'  between  su))ernatant  fraction  (sohdde 
cell  prot('ins  and  colloid)  and  j)articulate  fractions  (nuclear,  mitochondrial, 
and  microsomal),  it  was  observc'd  in  some  groups  of  animals  that  the  propor¬ 
tion  of  I’BI*’'  i)resent  in  the  supernatant  fraction  incr<‘ased  rapidly  during  the 
first  20  minutes,  and  then  plateauetl. 

.MIT  and  DIT  were  pre.sent  within  2  minutes  of  labeling,  and  in  hyperplastic 
glands  thyroxine  was  present  after  14  minutes.  The  ratio  of  DITMIT  was 
reduced  by  iodine  deficiency,  but  in  all  groui)s  the  ratio  rcunained  ndatively 
con.stant  during  the  experiment. 

Thyroglobulin,  and,  in  iodine-deficient  glands  a  second  distinct  i)rotein, 
were  the  only  soluble  iodinated  proteins  detected. 

Few  data  are  available  regarding  thyroid  hormone  formation  during 
the  first  1-2  hours  after  the  administration  of  tracer  iodide.  In  a 
preceding  study  (1)  using  sheep  thyroid  slices  labeled  in  vitro  with  I'^‘, 
it  was  observed  that  iodide  accumulation  exceeds  binding  during  the  first 
four  hours  of  incubation,  that  monoiodotyrosine  and  diiodotyrosine  an* 
both  present  within  2  minutes  of  incubation,  and  that  thyroglobulin  ap¬ 
pears  to  be  the  only  soluble  iodinated  protein  formed.  An  early  p<‘riod  of 
accumulation  of  protein-bound  in  the  insoluble  cell  particles  with  sub¬ 
sequent  transfer  to  the  soluble  fraction  of  the  cell  was  not  excliuh'd.  Re¬ 
lated  observations  have  been  made  on  rat  thyroids  during  the  following 
in  vivo  studies. 

METHODS 

Seven  group.s  of  male  C'harles  River  rats  were  used  (Table  1).  Roman  numerals  aj)- 
))ear  in  text  and  figures  to  identify  the  groups  studied.  The  animals  were  maintained  on 
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Tabi.k  1.  Prei’aration  ok  ammai.s  koh  1'*'  sti  dies 


(Irmip 

Diet 

Time  on 
diet 

( ttber  t  reat  ment 

Number  of 
rats  per 
observation 
point 

I 

Kemingtiiii 

4  weeks 

None 

2 

II 

Purina 

3  weeks 

None 

2 

HI 

Purina 

I)  weeks 

None 

2 

IV 

Remington 

6  weeks 

t).l%  propylthiouracil  in 
diet;  drug  cancelled  2 
days  before  experiment 

2 

Purina 

4  weeks 

None 

2 

VI 

Purina 

12  weeks 

None 

3 

VH 

Remington 

12  weeks 

None 

3 

a  Purina  laboratory  chow  or  Rcminf'ton  diet  as  indieated.  In  one  instanee  0.1%  propyl- 
thiouraeil  was  added  to  the  latter  diet  until  two  days  before  the  I'®‘  studies  w(‘re  eon- 
dueted.  Within  eaeh  group,  the  thyroids  of  two  or  three  animals  were  pooled  for  eaeh 
observation  point. 

The  animals  were  injeeted  subeutaneously  with  50-100  earrier-free  I'®',  and  killed 
by  a  blow  on  the  head  at  the  desired  interval  following  injection.  The  thyroid  glands 
were  then  rajiidly  nunoved  and  immediately  homogenized  in  iee-eold  0.25  M  suerose. 
Subseipiently  a  iiortion  of  the  homogenate  was  sej)arat<‘(l  into  nuelear,  mitoehondrial, 
mierosomal.  and  soluble  (supernatant)  fraetions,  as  deseribed  previously  (2).  The 
nuelear  fraetion  was  washed  twiee  by  resuspension  and  resedimentation.  The  mito- 
i-hrondrial  and  mierosomal  pellets  wert‘  not  washed.  The  pellets  were  disjiersed  in  0.25 
M  suerose  and  fraetions  were  taken  for  determination  of  P’*.  PHI'”  (protein-bound 
iodide'^'),  anil  protein  content.  P”  was  separated  from  PHP”  by  direct  jiajii'r  chromatog¬ 
raphy  (3).  lodinated  amino  acid  composition  of  protein  was  studied  by  chromatography 
after  enzymatic  digestion  (4).  Methods  of  analysis  are  described  in  the  preci'ding  report 
(1).  Fdectrophoresis  in  starch  gel  was  done  by  the  method  of  Smithies  (5). 

RESULTS 

Thyroidal  accumulation  of 

Thyroidal  uptake  of  injected  I'®‘  in  rats  on  a  regular  diet  was  approxi¬ 
mately  1%  of  dose  at  120  minutes  and  reached  2-4%  at  24  hours.  In  rats 
on  a  Remington  diet,  uptake  reached  12%  at  00  minutes,  and  as  high  as 
44%  at  24  hours. 

Organic  binding  of  iodide 

In  rats  on  a  regular  diet,  less  than  one-half  of  the  collected  iodide  was 
protein-bound  within  two  minutes  after  injection  (Fig.  1).  The  proportion 
of  trapped  to  total  iodine  rapidly  decrea.sed,  and  by  20  minutes  in  three 
of  four  experiments,  84-95%  of  collected  iodide  was  bound.  h>e(‘  iodide 
constituted  1-2%  of  total  thyroidal  iodide  at  24  hours.  In  one  group  of 
the  normal  animals,  binding  was  considerably  slower  than  in  the  other 
three.  The  only  recognized  difference  among  these  animals  was  that  the 
slowly  binding  group  was  eight  weeks  older  when  studied  than  the  others. 

In  two  groups  of  rats  consuming  an  iodine-deficient  diet  prior  to  the 
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Fig.  I.  IVrci'iit  of  accuimilatod  thyroidal  pro.sent  in  hound  form  (ordinato)  i.s 
plottt'd  for  various  intcu  vals  after  injection.  The  animals  were  on  an  iodine-sufficient 
diet.  Duriiif!;  the  first  20  minutes  a  lar^e  proportion  of  collected  1”'  was  not  hound  as 
PRl'". 


oxperimont.s,  a  hif?her  proportion,  71-90%  of  trapped  iodide  was  bound 
within  two  minutes  after  injection  of  iodide.  Within  five  minutes  bound 
iodine  was  97-98%  of  total  thyroidal  iodine  (Fig,  2).  Binding  was  .slower 
in  one  group  maintained  on  an  iodide-deficient  diet  and  propylthiouracil 
(Fig.  2). 

Distribution  of  in  sub-frnctions  of  homogenized  thyroids 

Distribution  of  PBI*®'  between  cell  particulate  elements  (nuclear,  mito¬ 
chondrial,  and  microsomal  fractions)  and  supernatant  (soluble  cell  proteins 
and  colloid)  fraction  was  recorded  in  four  groups  of  animals  on  a  normal 
di(*t  and  in  three  groups  of  iodide-deficient  animals.  These  .studies  are  sub- 
j(‘ct  to  errors  derived  from  (1)  the  low  counting  rates  in  the  early  tiim* 
intervals,  and  (2)  differences  in  extent  of  homogenization.  Variations  in 
the  extent  of  homogenization  would  alter  the  proportion  of  PBI'*‘  and 
protein  appearing  in  the  particulate  fractions  and  would  especially  affect 
the  nuclear  fraction,  which  contains  unbroken  or  poorly  homogenized  cells. 

In  two  groups  of  iodide-sufficient  animals,  Groups  III  and  VI,  60. 5  and 
82.0%  of  total  slice  PBP*‘  was  present  in  the  soluble  fraction  2  minutes 
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Fig.  2.  IVrcc'iit  of  accumulated  thyroidal  jircscnt  in  bound  form  (ordinat(‘)  i.x 
plotted  for  various  intervals  after  injection.  The  animals  were  on  a  RcuninKton  diet.  .V 
larger  projMirtion  of  total  I*®'  is  present  as  PBl*’*  at  all  intervals  in  Groups  1  and  VI  I, 
than  in  animals  on  a  normal  diet.  Group  IV  had  received  propylthiouracil  until  4S  hours 
prior  to  the  injection  of  P’’. 


after  inj(*ction  of  I'®'.  This  proportion  increa.‘ied  to  98%  at  o  minutes 
(Fig.  8).  In  two  other  groups,  II  and  V,  there  was  little  difference  in  the 
proportion  of  FBI'**  in  the  supernatant  fraction  at  early  time  intervals  as 
compared  to  later  time  intervals. 

In  two  of  three  groups  of  animals  on  a  Hemington  diet,  there  was  an 
increase*  in  the  proportion  of  total  homogenate  PBF®*  in  the  supernatant 
fraction  during  the  time*  interval  from  2  minutes  to  24  hours  (Fig.  4).  In 
(Iroups  IV  and  VII  the  major  increase  occurred  within  the  first  20  minutes. 

Distribution  of  FBI'®'  in  cell  particulate  fractions  and  supernatant  frac¬ 
tion  over  the  entire*  observation  period  is  detailed  in  the  accompanying 
chart  for  (Jroup  III  (Fig.  5).  Proportional  distribution  of  total  FBF®‘  in 
e'ach  fractiem  is  eliagramme*d.  Although  total  PBP”  content  in  each  fraction 
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Fig.  3.  In  Finuri'n  3,  4,  and  5,  pt'icent  of  total  »;lan(I  lioinof'onato  PHI''*'  i)r(‘scnt  in 
nuclear,  mitochondrial,  microsomal,  or  sui)crnatant  fractions  is  i)lott(>d  on  the  ordinate 
afiainst  time  after  injection  of  1”'  on  abscissa.  In  this  Hffure  percent  of  total  slice  ho¬ 
mogenate  appearing  in  supernatant  fractions  deriv(‘d  from  the  homogenates  is 

shown  for  4  groups  of  animals  on  an  iodine-sufficient  diet.  In  (Iroups  III  and  VI  a  sig¬ 
nificant  increas(‘  in  this  fraction  occurred  during  the  first  20  minutes  after  injection  of  I'**. 

continually  incn'a.sed  during;  (*ach  study,  there  was  no  (*videnee  of  a  pro¬ 
gressive,  relative  accumulation  of  PHI'**  in  any  particulate  fraction,  hut 
as  descril)ed  above,  in  several  studies  then*  was  relative  accumulation  in 
the  supernatant  fraction. 


Fig.  4.  ('onstruction  of  chart  as  in  Fig.  3.  In  this  figure  percent  of  total  gland  ho¬ 
mogenate  PBP’*  appearing  in  supernatant  fractions  derived  from  the  homogenates  is 
shown  for  3  groups  of  animals  on  an  iodine-deficient  diet.  In  flroups  IV  and  VI  I  there 
was  an  increase  in  this  fraction  during  the  first  20  minutes. 
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Fig.  ■).  I’l'icont  of  total  uland  hoinosonate  prcsiMit  in  nuclear,  initocliondrial. 

inicrosoinal.  and  supernatant  fractions  at  various  time  intervals  after  injection  of  1'-"  is 
•shown  for  (Iroup  111,  rats  on  Purina  diet.  There  is  marked  increase  in  the  proportion  of 
total  PHI'”  present  in  the  supernatant  fraction  during  the  first  5  minutes. 


TIME  AFTER  INJECTION 


Fig.  fi.  The  labeled  DFl'MIT  ratios  derived  from  ascending  chromatograph}-  of  pan- 
creatin  I’dgests  of  homogenate  supernatant  fractions  is  shown  for  three  groups  of  ani¬ 
mals  on  an  iodine-sufficient  diet,  and  two  groups  of  iodine-deficient  animals.  Tn  all 
groups  excejit  VIl.  the  ratio  remained  e.ssentially  constant  over  the  period  ob.served. 


October,  1961  THYROID  HORMONE  FORMATION  IS  VIVO 


701 


Table  2.  Aliquots  of  whole  homogenate  and  each  homogenate  fraction  from 

ANIMALS  OF  GROUP  VH  (REMINGTON  DIET)  WERE  CHROMATOGRAPHED 
AFTER  PANCREATIN  DIGESTION 


Time 

Origin 

DIT 

MIT 

I 

T4 

T, 

Whole 

2  min. 

8.8 

28 . 5 

47.0 

0.3 

1 .2 

1  .0 

homogciHitc 

5  min. 

13.4 

38.0 

37 .0 

7.3 

1 .0 

0.8 

10  min. 

8.1 

32.2 

48.2 

5.1 

0.8 

0.5 

20  min. 

7.2 

20.2 

53 . 0 

4.8 

1 .4 

0.4 

00  min. 

12.3 

34.7 

40.0 

4.3 

1 .8 

0.7 

120  min. 

0.1 

30.0 

37.3 

0.1 

2.5 

1 .5 

24  hr. 

11.2 

23.0 

27.8 

10.0 

11.5 

0.3 

Nuclei 

2  min. 

3.7 

17.0 

22.0 

41  .5 

0.1 

1  .7 

5  mill. 

12.5 

23.7 

40.3 

8.8 

1 .0 

0.4 

10  min. 

15.0 

20.1 

41 .0 

0.2 

1.3 

0.2 

20  min. 

10.4 

0.8 

ot  .8 

7.3 

1 . 5 

0.8 

00  min. 

10.5 

15.0 

42.4 

7.1 

2.5 

3.1 

120  min. 

10.7 

31  .0 

33.2 

7.3 

2.0 

0.4 

24  hr. 

17.3 

20.1 

25.0 

14.5 

3.5 

3.0 

Mitochoiidria 

2  min. 

10.5 

15.0 

42.4 

7.1 

2.0 

3.1 

5  min. 

12.0 

20.0 

48.0 

0.0 

0.8 

0.0 

10  min. 

11.7 

25.4 

40.0 

7.0 

0.5 

0.5 

20  min. 

12.8 

21  .4 

52.0 

0.0 

1 . 1 

0.8 

00  min. 

13.0 

31 .0 

35.1 

0.3 

1.5 

1 .5 

120  min. 

13.2 

25.7 

40.8 

7.2 

3.3 

1  .0 

24  hr. 

10.3 

17.3 

25.7 

12.1 

0.3 

4.4 

Microtomes 

2  min. 

14.7 

13.8 

44.3 

5 . 1 

2.2 

0 .5 

0  min. 

14.4 

20.1 

52.0 

i> .  7 

1  .3 

1  .0 

10  min. 

10.0 

28.0 

42.0 

5T7 

2.0 

1.7 

20  min. 

12.7 

10.7 

52.4 

o .  t 

1  .7 

1 .4 

00  min. 

13.0 

38.0 

33.3 

7.0 

1  .0 

1  .0 

120  min. 

17.0 

20.2 

33.5 

7.8 

2.0 

3.1 

24  hr. 

14.4 

25.0 

22.5 

13.7 

0.0 

4.0 

Suiicrnatiint 

2  min. 

12.2 

25.2 

30.0 

11.5 

2.8 

2.1 

fraction 

5  min. 

() .  5 

20.0 

54.0 

4.7 

0.8 

0.4 

10  min. 

7.4 

40.5 

43.0 

3.8 

1  . 5 

0.7 

20  min. 

7.3 

23.3 

40.0 

3.5 

1.7 

0.5 

00  min. 

8.8 

33.7 

42.0 

4.0 

4.0 

1 .0 

120  min. 

8.1 

32.0 

44.2 

4.1 

4.0 

1 .4 

24  hr. 

12.0 

20.2 

22.0 

5.5 

17.0 

0.0 

'I'lip  proportioH  of  total  hoinonpiiate  fraction  I'®'  present  in  the  zone  of  added  stable  mark¬ 
ers  is  niven  for  each  observation  period  following  injection. 


The  ratio  of  DIT  to  MIT  in  digests  of  supernatant  fractions  of  thyroids 

The  ratios  of  DIT  to  AIIT  in  digests  of  the  supernatant  fraction  from 
five  groups  of  rats  appear  in  tiie  accompanying  chart  (Fig.  6).  In  three 
groups  of  animals  on  a  regular  diet  the  ratio  was  1  or  more.  Although  the 
points  are  .somewhat  erratic,  there  was  no  indication  of  significant  change 
in  DIT  MIT  ratio  during  the  period  of  observation.  DIT  was  present  in 
the  digests  as  early  as  MIT  was  ob.served. 

In  one  group  of  animals  on  a  low  iodine  diet  and  propylthiouracil,  the 
ratio  of  DITMIT  was  Q.1-0.8  during  a  period  of  O-hO  minutes.  In  one 
group  on  an  iodine-deficient  diet  alone,  the  ratio  was  approximately  ().") 
at  the  earliest  time  period  and  gradually  ro.se  to  1.2  at  24  hours. 

The  ratio  of  DITMIT  in  each  .sub-fraction  of  the  homogenate  resem- 
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Fig.  7.  Radioautofiiriiph  of  an  ascondiiifs  cliroinatogram  jm'paml  from  pancroatin 
(li^csUal  liomos<mat(‘s.  Tin*  animals,  from  Group  VI  I.  woro  killed  at  the  stat(“d  intervals 
after  injection  of  P’*.  Although  not  well  jMtrtrayed  in  this  print,  MIT  ami  DIT  were 
clearly  visible  at  2  minutes,  T4  (thyroxine)  and  Td  (triiodothyronine)  at  14  minutes. 


bled  that  in  tlu*  whole  homogenate  (Table  2).  However,  the  DITMIT 
ratio  in  the  mitochondrial  fraction  wa«  .slightly  lower  than  in  the  super¬ 
natant  fraction  in  rats  on  the  iodine-sufficient  diet. 

The  chromatograms  clearly  contained  mono-  and  diiodotjrosine,  as 
shown  in  the  accompanying  radioautogfaph  prepared  from  direct  chro¬ 
matograms  of  digests  (Fig.  7).  Although  some  radioactivity  was  always 
recorded  in  the  thyroxine  and  triiodothyronine  zones,  radioautographs  did 
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Fig.  S.  Aliquots  of  homogenate  supernatant  fraetions  from  (Iroup  VI  (Purina  diet) 
and  (iroiq)  VII  (Remington  diet)  were  suhjeeted  to  eleetrojihoresis  in  stareli  gel.  Dia¬ 
grams  of  the  gels  appear  above  the  grajihs,  with  protein  hands  darkened  to  dei)iet  their 
relative  intensity  of  staining.  The  anodal  migration  of  the  lu'otein  eomponents  is  dc'- 
pieted  on  the  abseissa,  and  PHI'*'  eontent  of  the  proteins  on  the  ordinate.  In  glands  from 
iodine-suffieient  animals  PHI'*'  was  found  eonsistently  only  in  tin*  thyroglobulin  band. 
Smearing  of  some  I'*'  around  thyroglobulin,  not  eorresponding  to  distinet  protiun 
bands,  was  sometimes  observed.  In  iodine-deficient  animals  a  second  protein  moving 
ahead  of  thyroglobulin  was  also  iodinated. 


not  clearly  demon.strate  the  pn'sence  of  tlie.se  amino  acids  until  HO  minutes 
had  clap.s(‘d  in  animals  on  the  regular  di(*t,  or  14  minutes  in  the  iodiiu'- 
deficient  animals.  In  one  group  of  iodine-deficii'iit  animals  the  thyroxine 
triiodothyroniiu'  ratio  r(‘main(*d  approximati'ly  3:1  from  14  minutes  to 
24  hours,  in  contrast  to  a  ratio  of  4-0:1  in  oni'  group  of  animals  on  the 
normal  diet. 


Soluble  proteins  iodinated 

Protein  components  of  the  .supernatant  fractions  were  examiiu'd  by 
starch  gel  electrophoresis.  In  thyroids  from  rats  on  a  normal  died,  PBI'®‘ 
was  consistently  found  only  in  the  thyroglobulin  band  (Fig.  S).  In  starch 
gel  electrophore.sis  of  supi'rnatant  fraction  proteins  from  animals  that  had 
con.sumed  iodine-d(*ficient  diets  (with  or  without  propylthiouracil),  thyro¬ 
globulin  was  iodinated,  as  well  as  a  protean  which  movc'd  anodally  ahead 
of  thyroglobulin  (Fig.  8).  In  each  instance  thyroglobulin  was  iodinated 
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within  two  minutes  after  injection  of  In  the  animals  on  the  iodine- 
deficient  diet,  there  was  no  alteration  in  the  proportion  of  PBI'-'’*  in  tlu' 
thyroglobulin  to  that  in  the  pre-thyrogloliulin  component  with  elapse  of 
time  after  injection  of  iodide'^*. 


DISCUSSION' 

Thyroidal  uptake  of  1*®^  in  animals  on  a  n'gular  diet  was  exce(*dingly 
low.  With  a  diet  deficient  in  iodide,  it  was  possible  to  elevate  the  uptake* 
to  approximately  40%  of  injected  dose  at  24  hours.  In  animals  on  a  regular 
or  a  Remington  diet,  the  thyroid  gland  accumulated  iodide  considerably 
in  excess  of  binding  during  the  first  10  to  20  minutes  following  injection 
of  P®*. 

It  is  probable  that  active  trapping  continually  provides  a  pool  of  fr<‘e 
iodide  within  the  thyroid.  However,  the  proportion  of  free  iodide  gradually 
diminishes  as  the  P®‘-label  accumulates  in  the  thyroglobulin,  so  the  plu*- 
nomenon  is  not  obvious  after  20  minutes.  Trapping  of  iodide  in  exce.ss  of 
binding  has  been  observed  by  other  investigators  (6).  In  the  animals  on 
an  iodide-deficient  diet,  although  uptake  of  P®'  was  greatly  augmented, 
the  trapping  process  did  not  outstrip  the  binding  process,  since  a  greater 
proportion  of  iodide  was  bound  in  their  thyroids  at  each  interval  of  obser¬ 
vation.  The  reduced  binding  observed  in  Clroup  VI  may  have  resulted  from 
residual  propylthiouracil,  although  this  drug  had  been  withdrawn  from 
their  diet  48  hours  prior  to  the  experiment  (7). 

Studies  on  distribution  of  PBP^'  in  homogenate  sub-fractions  did  not 
clearly  establish  a  period  of  accumulation  of  PBP®‘  in  the  particulate* 
fraction  with  subsequent  transfer  to  the  soluble  fraction.  This  tn*nd  was 
sugg(*sted  in  two  of  the  groups  on  a  r(*gular  diet  and  two  groups  on  an 
iodide-deficient  diet,  but  the  evidence  is  not  conclusive.  The  observed  alter¬ 
ations  in  proportional  distribution  of  PBP®‘  were  largely  completed  in  the* 
first  20  minutes  of  the  experiments.  After  this  time  8.5-97%  of  total  PBP*' 
was  in  the  supernatant  fraction. 

It  is  apparent  that  iodination  of  particulate  fraction  protein  goes  on  at 
the  same  time  as  soluble  fraction  protein.  It  is  by  no  m(*ans  cl(*ar  that  tin* 
particulate  fraction  PBP®'  represents  a  pr(*cursor  of  soluble  fraction  PBP-^', 
although  this  is  a  logical  hypothesis.  On  the  contrary,  it  is  eijually  possible* 
that  PBI'**  in  the  particulate  fraction  is  an  end  product,  not  a  precursor. 
In  this  case  an  alteration  in  the  ratio  of  PBP®‘  in  the  particulate  to  super¬ 
natant  fractions  might  repre.sent  simply  a  saturation  of  binding  sites  in  the 
particulate  fraction,  rather  than  a  transfer  of  particulate  to  soluble  frac¬ 
tion  protein.  Further  study  is  need(*d  on  this  point. 

Studies  on  DIT  MIT  ratio  in  digests  of  fractions  of  the  homog(*nat(*s 
demonstrated  the  pre.sence  of  DIT  as  early  as  MIT  was  formed.  Further¬ 
more,  there  was  little  alteration  in  the  ratio  of  DIT  MIT  during  the  ob¬ 
servation  p(*riods.  Similar  results  have  been  r(*port(*d  by  Bois  and  Larsson 
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(S)  and  In-  Kobayaslii  and  Gorbman  (9).  The  ratio  of  DIT/MIT  was 
al)ove  1  in  animals  on  a  regular  diet  and  nnluced  (.8  to  1.2)  in  animals  on 
an  iodiiu'-defieient  di(‘t  with  or  without  propylthiouracil.  A  decrease  in  this 
ratio  in  response'  to  iodide  deficiency  had  been  pri'viously  demonstrated 
by  Lc'loup  and  Lachive'r  (10)  and  by  Querido  ct  al.  (11).  These*  e)bserva- 
tions  sugge'st  that  MIT  is  not  simply  a  precursor  e)f  DIT  anel  that  there  is 
probably  consielerable  spe'cificity  in  the  e'xtent  e)f  ie)elinatie)n  e)f  tyrosyl 
groups  in  thyre)gle)bulin. 

In  stuelie*s  on  soluble  ioelinate*el  prote'ins  forme'el  in  animals  em  a  normal 
die*t,  only  thyroglednilin  was  apparent.  There  was  no  eviele*nce  for  a  seduble* 
pre'cursor  pedype'ptide*  or  prote*in.  In  animals  em  an  ie)elide‘-ele'ficie‘nt  elie't,  a 
seconel  ioelinate'el  j)re)te'in  was  de‘te*cte‘el.  llowe've'r,  the*  pre)pe)rlion  e)f  total 
PHI'^'  in  this  as  e*e)mpare“d  with  thyrogle)bulin  elid  not  change*  during  the* 
■24-hour  observation  p(‘rie)d,  anel  thus  it  e*annot  be*  ce)nsiel(*re*el  a  pre'cursor 
e)f  thyrogle>bulin.  It  is  appare*ntly  forme*el  in  paralle*!  with  thyre)gle)bulin  a:  el 
re*pre*sents  a  se*cond  soluble*  ie)elinate*el  prote*in,  as  has  be*e*n  ele*scrib(*el  by 
other  workers  in  human  and  animal  glanels  (12,  Hi).  It  is  e*ntire*ly  possible* 
that  this  prote'in  was  pre*se*nt  in  the*  normal  glanels,  but  in  such  small 
amount  as  to  e*scape*  de'te'ction  by  our  me*thoels,  which  wemlel  probably  not 
ele*te*ct  an  ie)elinate*el  preRein  if  it  cemtaine*el  le*ss  than  2%,  e)f  total  soluble* 
PHI’’*'.  It  is  probalde*  that-  the*  se*conel  ioelinate*el  prote'in  appe*ars  as  a  re*- 
sponse  te)  thyrotropin  stimulation,  but  its  .significance*  is  unknown. 
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THK  EFFECT  OF  ELECTRICAL  ABLATION  OF  THENLX^LEl 
HABENULAE,  PINEAL  BODY  AND  SUBCOMMISSURAL 
ORGAN  ON  ENDOCRINE  FUNCTION,  WITH  SPECIAL 
REFERENCE  TO  THYROID  FUNCTION' 

TAKASHI  YAMADA2 

Diviition  of  Endocrinology,  Department  of  Medicine,  (  'nivers<ity  of  Oregon 
Medical  School,  Portland,  Oregon 

ABSTRACT 

Altliough  it  has  lu'en  proposed  that  the  haht'iiular  nuclei  may  be  a  primary 
center  in  the  control  of  thyrotropin  secretion  by  the  pituitary,  in  the  present 
study  it  was  found  that  animals  with  extensive  damage  including  the  habenula, 
pineal  body  and  subcommissural  orj^an  developed  thyroid  enlarfiement  ap¬ 
proximately  ecjual  to  that  of  untreated  controls  when  fed  propylthiouracil. 
Thyroidal  radioiodine  accumulation  and  te.stis  and  adrenal  weights  were  not 
consistently  affected  by  any  of  the  lesions.  There  was  no  persistent  change  in 
either  serum  sodium  and  j)otassium  concentration  or  water  intake  postopera- 
tively. 

IT  HAS  ht'como  increasingly  evident  that  the  hypothalainu.s  plays  an 
exceedingly  important  role  in  the  control  of  pituitary  secretion  (1-4). 
The  evidence  suggests  that  hypothalamic  control  is  mediated  by  way  of 
some  unknown  neurohumoral  material(s)  which  pas.ses  through  the  hy¬ 
pophyseal  portal  ves.sels  from  the  median  eminence  of  the  hypothalamus 
to  the  anterior  pituitary  (5).  However,  it  is  po.ssible  that  the  hypothalamus 
is  not  a  primary  center,  but  merely  transmits  impulses  from  higher  centers, 
relaying  them  to  the  pituitary  by  neurohumoral  or  nervous  transmi.ssion. 
Several  reports  have  indicated  participation  by  higher  centers  in  the  control 
of  corticotropin  and  gonadotropin  .secretion  (6,  7). 

The  epithalamic  area  has  recently  been  implicated  in  the  control  of  cer¬ 
tain  endocrine  functions.  It  has  been  propo.sed  that  the  pineal  body  .secretes 
a  humor  which  regulates  aldosterone  secretion  (8,  9)  and  that  the  sub- 
comrni.ssural  organ  .somehow  controls  water  metabolism  (10, 1 1).  Of  special 
interest  an*  the  reports  of  Me.ss,  who  states  that  le.sions  in  the  habenular 
nuclei  inhilnt  goiter  development  cau.sed  either  by  low  iodine  diet  or  by 
antithyroid  drugs  (12)  and  that  atrophy  of  the  thyroid  gland  following 
exogenously  administer(‘d  thyroid  hormone  is  prevented  by  such  lesions 
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(13).  H('  concludes  that  the  habenular  nuclei  are  the  primary  cent(‘r  for  the 
regulation  of  thyrotropin  secretion,  the  well-known  effect  of  hypothalamic 
lesions  on  TSH  secretion  being  due  merely  to  the  concomitant  operative 
damage  of  the  hypophyseal  portal  vessels. 

Because  of  the  potential  importance  of  such  reports,  we  decided  to  con¬ 
duct  a  seri(‘s  of  experiments  on  the  (‘tfect  of  epithalamic  h'sions  in  th('  rat. 

MATERIALS  AM)  METHODS 

Sixty  adult  male  Holtzman  rats,  wcisliinj;;  220  to  309  {fin.,  wcto  (Miiployi'd  in  tlicso 
(‘xporiments.  Four  consecutive  experiments  were  (iesi{fne(I,  involvin{f  the  followin{>: 
lesions:  (1)  Total  destruction  of  the  habenular  nuclei  and  partial  destruction  of  the 
pineal  body,  (2)  Partial  destruction  of  the  habenula  and  total  destruction  of  the  ])ineal 
body,  and  (3)  Total  destruction  of  the  habenula  and  subcommissural  or{!;an  and  partial 
destruction  of  the  pineal  body.  The  fourth  exi)eriment  was  to  observe  the  effect  of  the 
same  lesions  as  (3)  after  a  lon{fer  period  of  time. 

h'lectrolytic  lesions  were*  made  bilaterally  with  a  stereotaxic  instruimmt.  From  Hi  to  20 
separate  electrode  insertions  were  made  in  (‘ach  animal,  and  a  direct  current  of  0  m.\  for 
1 .5  seconds  was  utilized  with  each  insertion.  Be{>;innin{f  8  days  postoperatively,  the  animals 
were  fed  a  low  iodine  diet  with  or  without  0.15%  proinlthiouracil  (PTE).  Four  or  nine 
hours  before  the  autojisy,  0.1  /ie  of  radioiodine  was  injected  intraijeritoneally.  On  the  1 0th 
or  20th  day  of  the  low  iodine  diet,  the  animals  were  autopsied.  The  thyroids,  adrenals  and 
testes  w(*n'  di.ssected  and  wei{fhed  on  a  torsion  balance.  The  brains  wen*  fixi'd  in  10% 
formalin,  serial  sections  were  made  at  lO/it  and  every  10th  section  was  mounted  and 
stained  with  hematoxylin-eosin". 

()r{j:an  wei{fht/body  wei{j;ht  was  ealculati'd  in  reference  to  the  wei{i;ht  of  the  animals  at 
the  start  of  the  low  iodine  diet,  because  PTE-fed  animals.  |)articularly  those  with  lesions, 
lost  wei{!;ht  durin{f  the  experiment. 

Serum  sodium  and  potassium  concentrations  were  determined  by  flame  photometry. 

RESULTS 

The  effect  of  ablations  of  the  nuclei  habenulae,  pineal  body  and  subeomtnissural 
organ  on  endocrine  f  unction 

The  effect  of  total  (le.structioii  of  the  nuclei  habenulae  and  partial  de¬ 
struction  of  the  pineal  body  on  the  weight  of  thyroids,  adrenals  and  testes  is 
shown  in  Experiment  I  of  Table  1.  It  will  be  seen  that  the  size  of  the  goiter 
in  the  group  with  lesions  was  somewhat  smaller  than  that  in  the  control 
group,  but  not  significantly  so.  Testes  and  adrenal  weights  also  showed  no 
significant  differences.  The  results  were  not  sufficiently  clear  cut  to  allow 
an  interpretation. 

The  data  from  the  second  experiment,  u.sing  animals  with  partial  de¬ 
struction  of  the  nuclei  habenulae  and  total  de.struction  of  the  pineal  body 
are  shown  in  Experiment  II  of  Table  1.  Goiter  did  develop  in  the  lesion 
bearing  animals  fed  PTU  but  not  in  those  fed  a  low  iodine  diet.  The  lesion 
alone  did  cau.se  a  significant  increse  in  adrenal  weight  which  may  have 
been  accentuated  by  PTU,  and  in  addition  it  appears  that  there  may  be  an 
effect  by  the  lesion  alone  on  te.stis  weight. 

The  next  step  was  to  see*  whether  total  destruction  of  both  the  nuch'i 
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habenulae  and  the  .subcommissural  organ,  with  partial  destruction  of  tlu* 
pineal  body,  would  produce*  a  more  clear-cut  suppn'ssion  of  thyrotropin 
secretion.  As  shown  in  Experiment  III  of  Table  1,  goiter  again  developed  in 
PTU-fed  animals  with  le.sions,  and  its  size  was  very  .significantly  smaller 
than  that  of  the  PTU-fed  animals  without  lesions.  Thyroid  weight  and 
radioiodine  uptake  in  the  animals  with  lesions  did  not  vary  significantly 
from  the  untreated  group.  In  contrast  to  Experiment  II,  this  lesion  by 
itself  does  not  seem  to  have  had  any  significant  effect  on  adrenal  weight, 
but  it  does  appc'ar  to  counteract  to  a  .significant  extent  a  marked  decrease 


Table  2.  Seki  m  electrolyte  concentration  after  eimtiiala.mic  i.e.sions 


Experiment 
.■mil  group 

Number 

of 

uni  mills 

Duration  of  \ 
experiment  I 
(days) 

Serum  Na 
.M.eq./L 

Serum  K 
•M.eq./L 

II 

L 

4 

9  1 

144.7(±1.1) 

5.0  ( +0.2) 

('ontrol 

4 

9  ' 

148.3  (±1.0) 

5.1  (±0.1) 

III 

L 

(> 

9 

140.5(10.9) 

0.0(10.1) 

1 

Coiifrol 

5 

9 

150.1(12.2) 

0.7  (  ±0.1) 

IV 

L 

4  ' 

19 

139.0(10.3) 

0.0  (  ±0.2) 

1  (T)utrol 

5 

19 

139.9(10.0) 

0.0  (±0.1) 

U(‘sult«  expressed  its  mean -t standard  error  of  mean.  L=animals  witli  hrain  U'sions  fed 
I’TU.  Control  =  non-lesioned  animals  fed  PTC.  Kxiierimental  groups  same  as  Table  1. 


in  adrenal  weight  caused  by  PTU.  There  is  again  a  rather  weak  indication 
of  some  effect  on  the  testes. 

The.se  results  st'cmt'd  to  bt'ar  out  Mess’  work  to  some  extent,  but  we  felt 
it  would  b('  worthwhile  to  go  even  further  by  rept'ating  the  last  experiment, 
allowing  19  days,  rather  than  niiu*,  bt'fore  autop.sy.  As  indicat(*d  in  Experi¬ 
ment  IV  of  Table  1,  at  the  end  of  19  days,  the  significant  effect  of  the  lesion 
on  PTU-induced  goiter  was  not  present  and,  if  anything,  tin*  effect  seemed 
to  be  h(*ading  in  the  oth(*r  direction.  In  addition  the  significant  differences 
in  adrenal  weights  seem  to  have  disappeared  almost  entirely,  along  with 
any  effect  on  te.stis  weights.  Histologic  ob.servation  indicated  that  lesions 
were  present  in  all  the  d(*sired  areas  and  in  soimv  adjacent  areas  as  w(‘ll. 

The  effect  of  ablation  of  the  habenular  n  uclei,  pineal  body  and  subcommissural 
organ  on  electrolyte  concentration  and  water  intake 

The  final  concentration  of  .serum  sodium  and  potassium  was  the  .same  in 
the  intact  animals  and  those  with  le.sions  in  each  of  the  experiments,  al¬ 
though  there  was  some  variation  in  the  values  from  group  to  group  (Table 
2).  Water  intake  was  markedly  .suppressed  for  the  first  two  days  after  the 
operation  but  rapidly  returned  to  control  levels;  no  diffenuice  was  (*vident 
one  week  after  the  operation. 
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DISCUSSION' 

It  lias  1)0011  sugs<‘st(‘d  that  somo  part  of  tlio  contral  iiorvous  system  other 
than  the  hypothalamus  may  influence  the  secretion  of  certain  pituitary 
hormones,  anions  them  thyrotropin.  However,  extensive  studies  by  (ireer 
and  co-workers  have  failed  to  detect  important  participation  of  centers 
other  than  the  hypothalamus  in  the  resulation  of  thyrotropin  secretion 
(14-16).  Further  studies  in  this  laboratory  have  indicated  that  the  anterior 
hypothalamic  ‘‘thyrotropin”  an‘a  is  sensitivi'  to  local  changes  of  thyroid 
hormone  concentration  and  may  thereby  act  as  a  ‘‘thermostat”  in  the 
servo  mechanism  which  maintains  a  .stable  level  of  circulating  thryoid 
hormone  (17-19). 

Mess  found  that  le.sions  made  in  the  nuclei  habenulae  inhibited  goiter  de¬ 
velopment  caused  either  by  low  iodine  diet  or  by  antithyroid  drugs  (2).  We 
found  this  to  b(*  true  over  a  short  period  of  time,  although  in  our  rats  the 
effect  of  the  lesion  was  not  as  marked  as  that  found  by  Me.ss.  However, 
after  an  extendi'd  period  of  time,  we  found  no  significant  difference  in  the 
goiter  size  of  PTU-fed  animals  whether  lesions  were  present  or  not.  This,  in 
addition  to  the  fact  that  animals  with  the  habenula  completely  destroyed 
showed  no  deviation  from  normal  radioiodine  uptake,  raises  a  serious 
question  about  the  possible  role  of  the  habenula  in  regulating  the  .secretion 
of  thyrotropin  by  the  pituitary.  It  should  be  mentioned  here  that  animals 
with  lesions  showi^d  a  mark(‘d  loss  of  appetite,  resulting  in  a  pronounced 
decrease  in  body  weight,  during  the  first  few  days  of  the  PTU  diet.  It  is 
possible  that  this  loss  of  appetite  influenced  the  goiter  development,  either 
by  causing  malnutrition  or  by  reducing  the  intake  of  PTU. 

Farrell  et  al.  (8,  9)  recently  proposed  the  hypothesis  that  the  pineal  body 
secretes  glomerulotropin  which  stimulates  the  secretion  of  aldo.sterone  by 
the  adrenal  cortex.  Although  this  suggests  that  the  pineal  body  may  con¬ 
trol  electrolyte  metabolism,  in  our  experiments  the  final  concentrations  of 
serum  sodium  and  potassium  wim-i*  not  significant!}'  different  as  a  result  of 
the  presence  of  lesions. 

Gilbert  (10,  11)  has  suggested  that  the  subcommissural  organ,  which  has 
long  been  suspected  from  histological  studies  of  being  an  endocrine  organ, 
may  control  water  metabolism  in  the  rat  by  controlling  water  intake.  How¬ 
ever,  he  states  that  rats  die  from  dehydration  after  electrical  ablation  of 
the  subcommi.ssural  area.  This  was  not  the  case  in  our  experiments. 

Testicular  changes  are  really  too  doubtful  to  be  commented  on.  Al¬ 
though  alterations  of  the  adrenal  weight  might  bear  further  investigation, 
the  results  are  so  inconstant  as  to  make  it  unlikely  there  is  any  real  effect 
of  the  lesions  on  ACTH  release. 
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CHANGES  IN  PLASMA  PROTEIN-BOUND  IODINE  AND 
THYROXINE-LIKE  ACTIVITY  OF  FECES  OF  DAIRY 
(T)\VS  BEING  FED  L-THYROXINE 

J.  J.  SULLIVAN*  AND  E.  W.  SWANSON 

Df/xirttnent  of  Dairi/ing,  I'niversitij  of  Tennessee,  Knoxville,  Tinnessee 
AHSTUAC'T 

The  effect  of  L-thyroxine,  in  relation  to  flose-level  and  length  of  time  fed, 
upon  plasma  PBI  and  fecal  thyroxine  was  determined  in  lactatiiiK  cows.  Two 
cows  were  fed  varying  daily  dosages  of  L-thyroxine,  with  the  level  changc'd 
weekly.  They  were  started  at  (10  mg.  per  day  for  the  first  week,  with  SO,  100, 

120,  140,  100,  100,  80,  and  SO  mg.  following  in  consecutive  weeks.  PBI  con¬ 
centration  in  both  cows  reached  a  maximum  above  initial  levels  the  second 
week  wlnui  SO  mg.  were*  fed.  The  actual  excretion  of  equivalent  L-thyroxine 
in  the  feces  gc'nerally  increased  as  <los('-level  increased.  However,  the  per¬ 
centage  of  do.se  excreted  decreased  until  120  mg.  of  thyroxine  were  fed  daily 
and  then  tended  to  remain  constant  through  the  100  mg.  daily  dose. 

The  changes  of  PBI  concentration  in  two  cows  fe<l  110  mg.  of  L-thyroxine 
<laily  for  Iq  weeks  followed  parallel  patterns,  with  a  declining  trend  as  treat¬ 
ment  continued.  In  om*  cow  tin*  actual  excretion  of  thyroxim*  and  the  i)er- 
centage  of  dose  ('xcret(“d  decrcasc'd  as  treatment  |)rogr(‘ssed.  The  other  cow 
.showed  approximately  the  same  dcgrei'  of  thyroxine  excretion  throughout  tin* 
tn*atment  period. 

The  results  indicate  that  the  cow’s  body  trys  to  rid  itsedf  of  excess  thyroxine. 

It  ai)pear.s  that  a  metabolic  (tr  gastrointestinal  destruction  and/or  degradation 
mechanism  is  stimulated  to  be  more  effective  by  incr(*asing  doses  of  thyroxine 
and  extended  periods  of  thyroxine  feeding.  Because  of  this  the  plasma  PBI 
level  resulting  from  feeding  thyroxine  will  not  be  con.stantly  proportional  to 
the  dose. 

The  galactopoiotip  rosponso  of  dairy  cow.s  to  the  continiiod  feeding;  of 
thyroproteiii  or  L-thyroxine  is  greatest  at  the  beginning  of  the  treat¬ 
ment  p(‘riod,  then  it  gradually  diminishes  until  nearly  normal  lactation 
levels  are  resumed  after  about  ten  weeks  of  treatment  (1,  2).  At  the  time 
the  lactation  stimulus  is  waning,  other  .signs  of  hyperthyroidism  .such  as 
increa,s{‘d  heart  rates  and  decreased  body  weights  also  begin  to  turn  toward 
the  normal  condition  in  spite  of  continued  thyroxine  feeding  (:i,  4).  The 
nature  of  this  homeostatic  response  has  not  been  determined.  Studies  of 
the  metabolic  destruction  of  injected  thyroxine  in  dogs  l)y  O’Neal  (o)  and 
of  the  excretion  of  injected  thyroxine  in  rats  by  Taurog  et  nl.  (0)  have 
indicated  that  exce.ssive  thyroxine  in  the  .sy.stem  stimulates  the  degrada- 

Hccciv(>(l  Xuvember  3,  1960. 
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7 1. 1 

tion  and  ('xcndion  of  thyroxine.  The  purpose  of  this  investigation  was  to 
determine  if  thein*  was  an  iner(‘as(*d  rate  of  peripheral  metabolism  and/or 
an  incr(‘as(*tl  rate  of  gastrointestinal  destriictioti  of  thyroxine  in  cows  fed 
large  dos(‘s  of  thyroxine  for  ext(*nd(‘d  periods. 

MATKKIALS  AND  METHODS 

Tli(‘  coiisisti'd  of  fecdiiiff  daily  coiitrolU'd  doses  of  i,-tliyro.\iiii‘  to  dairy 

cows  for  different  ])eriods.  .At  intervals  l)efore,  dnriii}!;  and  after  tin;  treatment  jaaiods 
l)lood  samples  and  24-hour  feec's  eolleetions  were  obtained.  Plasma  i)rotein-I)ound  iodine 
(PHI)  determinations  were  maile  in  duplicate  weekly  to  (h'tect  probable  ehaiifijt's  in 
circulatiiiff  thyroxine.  The  thyroxine  (“(piivalent  activity  excreted  in  the  feces  was  deter- 
miiK'd  and  compared  with  PHI  le\'els.  'the  steady  heart  rate  of  each  cow  was  determined 
(>ach  we«‘k  wlum  the  cows  were  at  ri'st  before  milkinf>. 

The  thyroxine  used  for  fec'dinj;;  was  crystalline  sodium  i.-thyroxine  ])entahydrate 
(Haxter  Laboratories).  This  was  powdered  in  corn  starch  and  thoroughly  <lispersed  in  a 
mixture  of  corn  starch  and  soybean  oil  meal  to  fiive  a  final  eoneentration  of  one  |)ereent 
sodium  L-thyroxine  (corr*'cted  for  moisture).  l)os(‘s  to  be  fed  were  weighed  accurately 
into  envelopes  so  that  half  of  the  daily  allowance  for  each  cow  was  fed  mixed  with  the 
f!;rain  feed  at  each  twice-daily  fec'din*'  of  <frain.  This  same  stock  sourc»>  of  sodium  l- 
thyroxine  was  also  used  for  i)reparinK  thyroxine  bearinfj;  rations  used  in  the  chick  assays. 

Pour  lactatins  ^rade  dairy  cows  were  used  in  the  excretion  studies.  Two  b-year  olil 
(IiKunsey  twins  (Nos.  b  and  10)  were  u.sed  to  study  the  effects  of  continuous  feeding  of 
the  same  dose.  One  7-year  old  .Jersey  (No.  2.4)  and  one  2-year  old  Holstein  (No.  .il)  were 
used  in  a  .study  of  the  effects  Of  dift’erimt  dose  h'vels.  In  addition,  PHI  studies  were  made 
with  4  pairs  of  identical  twin  cows  in  a  spriiif!;  to  summer  j)eriod  and  with  4  f'rouijs  of  (i 
cows  each  which  witc  fed  different  daily  do.ses  of  thyroxine  in  a  fall  to  winter  period. 

The  cows  were  kept  in  a  conventional  stanchion  type  barn.  Their  rounhasc  fetal  con¬ 
sisted  mostly  of  alfalfa  and  ^niss  mixed  hay,  but  it  was  not  uniform  in  (piality  throuj'hout 
the  study.  Cows  9  anti  10  were  alstt  allttwetl  sttme  j^rass  i)asture.  The  concentrate  fell  was 
a  home-mixetl  ration  containing  about  l.i^r  l)rotein.  It  was  fortifieil  only  with  salt  (NaCl) 
anil  steami'il  bone  meal  as  minerals. 

'riiyroxine  ft'eiliiiff  of  cows  9  anil  10  started  at  140  and  l7o  days  of  lactation,  resj)ec- 
tively.  They  were  each  fed  110  ms.  sodium  L-thyroxine  daily  for  14  consecutive  weeks, 
and  then  the  thyroxine  was  grailually  withdrawn  from  the  ration  over  a  2-week  jieriod. 
Feces  eolleetions  were  made  one  week  before  and  two  weeks  after  the  thyroxine  feeding 
period,  and  at  4,  S,  and  12  weeks  after  thyroxine  feeding  started.  These  collections 
roughly  coincided  with  the  period  of  peak  lactation  stimulus  (4  weeks),  during  the  jieriod 
of  moderately  reduced  stimulus  (8  weeks),  and  the  period  of  slight  or  no  stimulus  (12 
weeks)  as  had  been  observed  in  jjrevious  trials.  • 

Cows  24  and  .51  were  .started  at  142  days  of  lactation  on  (iO  mg.  sodium  L-thyroxine 
daily.  This  level  was  fed  for  one  week,  and  then  it  was  increased  for  successive  weekly 
feedings  to  80,  100,  120,  140,  and  100  mg.  This  was  followed  by  one  week  at  100  mg.  and 
two  final  weeks  at  80  mg.  sodium  L-thyroxine  daily.  Hlood  and  feces  collections  were 
made  after  each  do.se  had  been  fed  for  0  days,  as  well  as  one  week  before  and  three  weeks 
after  thyroxine  feeding. 

The  total  24-hour  feces  collection  was  weighed.  .Approximately  one-third  was  then 
weighed  into  shallow  enameled  pans  and  dried  at  4.5°  C  in  a  forced-air  drying  oven.  'I'he 
air-dry  weight  was  determined  after  equilibration  in  a  store  room,  and  the  feces  were 
stored  dry  until  assayed. 

The  feces  were  assayed  for  thyroxine  equivalent  activity  by  the  goiter-i)revcntion 
method  described  by  Dempsey  and  .Astwood  (7)  and  Monroe  and  Turner  (8).  Each  dried 
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feces  sample  was  mixed  into  a  commercial  turkey  poult  feed  at  three  different  concentra¬ 
tions.  Each  mixture  bearing  a  different  concentration  of  feces  and  0.15%  thiouracil  was 
fed  to  a  group  of  20  cockerel  chicks.  The  test  mixtures  were  fed  for  21  days  in  rooms 
controlled  at  70  to  75°  F  temperature.  No  hover  heat  was  used  the  last  7  days  of  the  test. 
The  thyroid  glands  of  each  chick  were  weighed  and  the  group  average  weights  of  the 
thyroids  per  100  gm.  chick  body  weight  were  determined.  The  concentration  of  feces 
necessary  to  produce  normal-sized  thyroids  was  determined  by  interpolation.  The 
thyroxine  equivalent  of  the  feces  was  calculated  from  groups  fed  thyroxine  standards 
along  with  0.15%  thiouracil.  The.se  indicated  the  amount  of  .sodium  L-thyroxine  neces¬ 
sary  to  produce  normal  thyroids.  Control  groups  (no  feces  fed)  and  thyroxine  standard 
groups  of  chicks  were  included  in  each  group  of  assays  made  at  one  time. 

Plasma  PBI  was  determined  from  heparinized  blood  according  to  the  method  of 
Brown  et  al.  (9)  as  revised  by  Lennon  and  Mixner  (10)  and  modified  for  use  with  an 
Evelyn  photoelectric  colorimeter. 


RESULTS 

Continuous  feeding  of  a  eonstant  dose  of  thyroxine.  The  and  fecal 
thyroxine  values  observed  in  cows  9  and  10  are  shown  in  h^igure  1  alons 
with  a  plot  of  their  weekly  body  weights.  These  data  show  that  PBI  tended 
to  reach  maximum  levels  in  the  first  o  weeks  of  feeding  thyroxine,  and 
thereafter  it  gradually  declined  about  2  /xg  per  100  ml.  during  the  rest  of 
the  period  that  110  mg.  per  day  of  thyroxine  was  being  fed.  The  one  very 
high  value  for  each  cow  about  mid-way  in  the  feeding  period  is  assumed  to 
be  a  spurious  value  since  all  of  the  others  are  fairly  close  to  the  trend  line. 
The  body  weight  changes  indicate  some  tolerance*  of  or  recov(*ry  from  the 
hyperthyroid  condition  after  6  to  8  weeks  of  thyroxine  feeding. 

There  was  not  a  significant  amount  of  thyroxin(‘-like  activity  in  fece's 
collected  eitlu'r  one  week  b(*fore  or  after  the  thyroxine  feeding  period. 
Chick  thyroids  from  all  levels  of  assay  from  these  control  feces  were  just  as 
large  as  tho.se  from  chicks  f(*d  the  0.15%  thiouracil  ration  alone.  Thyroxine 
equivalent  activity  was  detected  in  the  feces  during  the  thyroxine  feeding 
period.  This  is  plotted  in  Figure*  1  as  the  percentage  of  the  daily  dose 
excret(*d  in  the  f(*ces.  From  cow  9  it  seemed  to  be  high(*st  at  B  weeks  and 
then  to  decline  somewhat  in  later  samples.  This  pattern  was  not  observed 
with  cow  10,  however.  The  very  low  value  of  cow  lO’s  feces  at  8  w(*eks  was 
undoubtedly  influenced  by  mild  diarrhea  at  that  collection.  The  fecal 
thyroxine  values  did  not  increa.se  as  PBI  decrea.sed;  but  on  the  contrary, 
agreed  reasonably  clo.sely  with  the  trend  of  PBI, 

He.sults  from  a  comparalxle  study  of  PBI  chang(*.s  during  continuous 
feeding  of  thyroxine  to  lactating  cows  are  pre.sented  in  Table  1.  In  the  trial 
with  identical  twins  in  which  one  of  each  pair  was  fed  120  mg.  thyroxine 
daily,  the  trend  of  PBI  values  is  roughly  downward  after  the  first  sample 
taken  at  2  weeks  of  thyroxine  feeding.  The.se  results  are  similar  to  those 
with  twins  9  and  10  (Fig.  1).  Both  twin  exp(*riments  were  conducted  in 
summer.  It  was  noted  that  the  trend  of  PBI  in  the  untreated  control  twins 
was  also  downward  during  the  trial.  Po.ssibly  the  same  factors  causing  a 
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Fig.  1.  'I'ho  (‘flfoct  of  daily  tliyro.xiiie  fc'cdinK  on  liody  weight,  plasma  PHI  and 
thyroxino  excrotion  in  feces  of  two  lactatin^  cows. 

slight  decline  in  PBl  in  the  control  cows  were  affecting  PBI  to  .some  extent 
in  those  which  were  fed  thyroxine.  This  downward  trend  in  PBI  with  con¬ 
tinued  thyroxine  feeding  was  not  observed  in  either  tlu^  control  or  treat(‘d 
cows  in  Trial  II  (Table  1).  Trial  II  was  conducted  during  the  late  fall  and 
winter.  PBI  values  fluctuated  in  all  groups  during  the  treatment  period, 
and  they  were  nearly  the  same  after  14  weeks  of  thyroxine  feeding  as  after 
only  2  weeks.  The  post-treatment  and  pre-treatment  PBI  levels  were  also 
very  similar  in  Trial  II  but  not  in  Trial  I.  These  comparisons  indicate  that 
the  .sea-son  of  experimentation  and  its  effect  on  thyroxine  metabolism  was 
affecting  the  re.sults  ob.served. 
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TaBI.K  1.  C'HA.\<!ES  IN  PI.ASMA  PKOTEl.N  BOl'NIJ  luDl.NE  OF  I.AfTATI  NO  COWS  FED  CONSTANT 
DAILY  DOSES  OF  80,  110,  120,  OK  140  MG.  L-THYROXINE  FOR  EXTENDED  I'ERIODS 


I’criod  anil  time* 

Trial  I  (sunimcr) 
(.\v.  4  pr.  ident.  twins) 

Trial  II  (winter) 
(.\v.  0  cows  per  group) 

Control 

120  mg. 
Thyrox. 

Control 

80  mg. 
Thyrox. 

110  mg. 
Thyrox. 

140  mg. 
Thyrox. 

— 

-(mK  I’HI  pi 

■r  100  ml.)- 

- - 

rn»-treatnu*iit 

1-2  wk. 

4.9 

4.7 

4.1 

3.8 

3.3 

3.9 

Thvroxine  fed 

2  wk. 

0.1 

12.9 

3.4 

10.0 

10.9 

13.1 

4  wk. 

4.9 

10.4 

3.9 

9.3 

9.0 

13.0 

a  wk. 

4.7 

11.1 

3.0 

It.  5 

10.3 

14.4 

8  wk. 

4.0 

11.4 

3.8 

9.8 

11.4 

13.0 

1(1  wk. 

4.2 

10.0 

3.9 

10.3 

12.7 

14.7 

12  wk. 

8.8 

11.1 

3.8 

10.3 

10.1 

10.2 

14  wk. 

:{.9 

9.0 

3.0 

9 . 5 

10.8 

12.8 

I’ost-trcatini'iit 

2  wk. 

a.o 

3.0 

4.0 

3.0 

3.8 

4.5 

4  wk. 

3.8 

3.0 

3.3 

3.4 

4.1 

t»  wk. 

8.4 

3.0 

3.0 

3.4 

3.4 

3.9 

8  wk. 

8.3 

3.5 

3.3 

3.1 

3.3 

3.0 

10  wk. 

3.0 

3.9 

3.2 

3.0 

3.2 

3.0 

Changing  h-fhgroxine  dose  weeklg.  Tho  effects  upon  PBI  and  thyroxine 
ecjuivalent  in  the  f(‘ces  of  cliansinfj;  the  amount  of  thyroxine  fed  to  cows 
from  week  to  \\''e('k  are  sliown  in  Talile  2.  Al.-^o  pre.simted  in  Table  2  are 
body  weight  and  heart  rate  oliservations  made  (*acli  week  as  an  indication 
of  the  d(‘gree  of  metaliolic  stimulation  which  was  produc(*d.  The  cows 
differed  widely  in  their  responses,  which  may  have  b(‘en  due  to  age  differ- 
(*nces  or  to  inherited  metabolic  fliff(‘r(‘nces.  Cow  ol  may  have  had  higher 
thyroid  activity  than  cow  23  before*  treatment,  as  evidenced  by  a  higlu'r 


'I'able  2.  The  effect  of  feeding  different  levels  of  L-thyroxine  ri>ox  body 

WEIGHT,  HEART  RATE,  PLASMA  PHUTEIX-BOUNI)  lODlNF:  AND  FECAL  THYROXINE 
IN  LACTATING  COWS 


Week 
of  expt. 

Cow 

23 

Cow 

51 

fcd/(iay 

Body 

weight 

Heart 

rate 

PBI 

Thyroxine 
in  feces 

Body 

weight 

Heart 

rate 

PBI 

Thyroxine 
in  feces 

mg. 

lb. 

jH'r  min. 

MK% 

%of  dose 

lb. 

per  min. 

Mtt  % 

%  of  dose 

1 

none 

1043 

72 

2.3 

0 

918 

90 

4.3 

0 

2 

00 

1052 

70 

8.1 

21 

911 

86 

14.0 

15 

.3 

80 

1045 

72 

1 1 .0 

15 

875 

90 

20.1 

1 1 

4 

100 

950 

82 

11.0 

16 

845 

80 

19.0 

15 

5 

120 

938 

94 

9.6 

9 

822 

101 

19.8 

12 

0 

140 

920 

81 

9.2 

8 

780 

95 

18.0 

7 

7 

100 

890 

84 

9.2 

10 

i  / 1 

108  • 

17.8 

11 

8 

100 

912 

84 

5.0 

11 

780 

90 

18.2 

1 1 

9 

80 

907 

70 

4.9 

0 

828 

89 

11.7 

1 1 

10 

80 

968 

80 

7.0 

0 

831 

80 

13.2 

8 

11 

none 

968 

72 

2.0 

0 

855 

76 

3.7 

0 

12 

none 

940 

72 

3.8 

— 

889 

78 

5.1 

— 

13 

none 

1008 

50 

3.5 

0 

890 

80 

3.8 

0 
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heart  rate  and  a  hislier  PBI  level  than  eow  2:h  For  comparative  purposes, 
the  average  heart  rates  of  19  similar,  normal,  laetating  cows  in  gestation 
less  than  120  days  was  7d.0±4.1“  from  10)1  different  weekly  observations 
made  in  summer.  The  average*  of  287  PBI  values  from  )1)1  similar  cows  in 
normal  condition  in  this  herd  was  )1.7o  +0.79-  during  the  year  previous  to 
this  investigation.  Indications  of  possible  PBI  change's  elue  to  .se'ason  and 
aelvaneing  lactation  have  be*en  pre*se*nte*el  in  the*  contred  grenips  in  Table  1. 

Kach  eow  lost  about  loO  lbs.  in  be)ely  we*ight  in  the  first  (>  weeks  e)f  treat¬ 
ment,  them  graelually  gaine*el  back  about  70  lbs.  by  the*  enel  e)f  tre*atments. 
This  change  in  boely  weight  was  accompanie*el  by  increasing  anel  then  ele*- 
cre*asing  he*art  rate*  in  cow  2)1.  IIe*art  rate*s  also  incre*ase*el  with  the  highe*st 
eloses  for  cow  ol,  but  ge*ne*rally  remained  high  until  after  tre*atme*nt  cease*d. 

The  PBI  of  both  cows  ine*re*ase*el  rapidly  as  thyre)xine  was  feel  and  re*ache*el 
its  highest  value's  at  the*  first  we*e*k’s  fe*e*eling  of  SO  to  100  mg.  daily.  After 
this  peak,  PBI  of  cow  2)1  ele*cline*el  slightly  as  elaily  elo.se's  were*  increased  for 
thre*e*  more*  we*eks,  anel  at  the  se*conel  feeeling  of  100  mg.  to  80  mg.  elaily  it 
was  only  about  one-half  the  former  level.  In  cow  51  PBI  values  also  ele*- 
creased  slightly  after  the*  pe*ak  values,  in  spite  of  increasing  thyroxine  eloses, 
but  at  the*  seconel  fe*e*eliug  of  100  and  80  mg.  elaily  were*  about  90  anel  65%, 
respectively,  e)f  the  earlier  levels  at  the*  .same*  elose.  Normal  PBI  levels  were 
re.sumeel  in  both  cows  within  one  week  after  stopping  thyroxine  fe*eeling. 

The  pe*re*e*ntage*  of  fe*el  thyimxine  which  coulel  be  elete*cte*el  in  the  fece's  l)y 
bioassay  ivached  a  pe*ak  in  the*  first  tre*atme*nt  we*e*k  when  only  60  mg.  pe>r 
day  were*  fe*el.  The  ge*ne*ral  e*xcretion  pattern  was  about  the  same*  few  the*  two 
cows,  except  that  in  the  later  stages  ce)w  2)1  e*xcrete*el  le*ss  thyroxine  activity 
than  eliel  cow  51.  In  the*  seconel  perioel  whe*n  80  mg.  elaily  were  fe*el,  cow  51 
excreted  about  the  .same  thyroxine  activity  as  in  the  first  80  mg.  pe*rioel,  but 
cow  23  excrete'd  only  40%  of  her  former  leved.  In  this  respe*ct  the  excretion 
e)f  thyroxine  activity  agree*el  with  the  PBI  eiifference's  betwemn  the  two 
cows.  During  the*  e*arlie*r  part  of  the  trial,  however,  thyroxine*  activity  ex¬ 
cretion  was  about  the  .same  in  the  two  cows  although  the  PBI  of  cow  23 
was  only  about  one-half  that  of  cow  51.  Cow  51  hael  milel  eliarrheia  eluring 
the  collection  when  140  mg.  thyimxine  per  elay  was  fe*d.  This  probably 
caused  the  low  excre*tion  vmlue  for  her  at  that  time.  As  noted  with  cows  9 
anel  10,  the're  was  not  a  detectable  amount  of  thyroxine  activity  in  the  fece's 
of  23  anel  51  in  any  perioel  when  the*y  were  not  being  feel  thyroxine. 

Discussie)x 

Thyroxine  may  be  remove*el  from  the  body  by  metabolic  destruction  anel 
excretion.  Kellaway  et  al.  (11)  sugge*sted  that  exce*ss  thyroxine  .stimulated 
the  liver  to  become  more  elTe*ctiv’e  in  thyroxine*  ele*composition.  Kot  and 
Klitgaard  (12)  showe*el  that  rats  fe*d  de.siccateel  thyrenel  to  produce  +70% 
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BMK  excreted  nearly  twice  as  much  labeled  thyroxine  in  the  bile,  and 
50%  more  in  the  urine  than  normal  rats.  Monroe  and  Turner  (8)  observed 
increased  excretion  of  thyroxine  in  goats  which  were  fed  or  injected  with 
thyroxine,  but  they  also  stated  that  thyroxine  destruction  rather  than  ex¬ 
cretion  per  se  was  the  predominating  factor  in  the  elimination  of  excess 
thyroxine.  O’Neal  (5)  showed  that  the  sp(‘ed  of  elimination  of  thyroxine 
increased  as  its  level  in  the  blood  was  increased.  In  the  normal  state  thyrox¬ 
ine  destruction  and  excretion  has  been  found  to  balance  secretion  (13). 
When  exogenous  thyroxine  is  supplied  in  large  amounts  the  regulating 
organs  of  the  body  try  to  eliminate  the  excess,  so  as  to  maintain  a  normal 
state  (5,  8,  12). 

In  the  cow  which  is  constantly  fed  thyroxine  as  in  this  expcniment  it  is 
evident  that  metabolic  or  gastrointestinal  destructive  processes  for  excess 
thyroxine  are  overwhelmed  at  the  start  of  thyroxine  feeding,  but  that  they 
become  more  efficient  with  continued  treatment.  This  is  indicated  by  peak 
PHI  levels  at  the  earliest  stages,  in  spite  of  the  fact  that  in  cows  23  and  51 
greater  amounts  (up  to  twice  as  much)  of  thyroxine  were  fed  later  with  a 
resulting  lower  PHI  level.  It  was  also  evident  that  the  level  of  circulating 
thyroxine  was  not  controlled  by  excretion  of  thyroactive  compounds.  In 
fact,  the  thyroxine  activity  excreted  followed  the  trend  of  the  PHI  changes 
in  the  blood.  If  PHI  had  been  controlled  through  excretion  per  se,  excretion 
should  have  increased  as  PHI  declined  at  the  higher  dose  levels.  Since  this 
did  not  occur,  the  major  method  of  regulating  excess  body  and  gastro¬ 
intestinal  thyroxine  must  be  the  metabolic  or  gastrointestinal  destruction 
and  or  degradation  of  thyroxine  to  inactive  compounds. 

These  observations  appear  to  disagree  with  the  results  reported  by 
CJross  and  Leblond  (14)  of  excretion  rates  of  I'®‘  labeled  L-thyroxine  from 
rats.  They  found  that  as  the  dose  was  increased  both  the  percentage  of  tin* 
I'®*  dose  excreted  and  the  proportion  of  thyroxine-like  (butanol  soluble) 
P*^  increased.  It  is  possible  that  the  excretion  and  metabolism  pattern  after 
single  doses  as  used  by  Gross  and  Leblond  (14)  would  be  considerably 
different  than  after  continuous  feeding  as  in  this  experiment.  The  butanol 
soluble  P®'  also  may  have  included  excretion  compounds  of  low  biological 
activity. 

'  The  large  difference  between  cows  51  and  23  in  PHI  and  heart  rat(‘s  along 
with  smaller  differences  in  rate  of  thyroxine  equivalent  excretion  indicate 
that  metabolic  destruction  of  thyroxine  was  more  effective  in  cow  23  than 
in  cow  51.  In  addition  to  their  age  difference,  cow  23  had  been  fed  thyroxine 
in  previous  lactations.  The  possibility  that  the  previous  experience  had 
already  developed  efficient  mediums  of  destroying  excess  thytoxine  in  cow 
23  should  not  be  ignored.  The  apparently  increased  effectiveness  of  excess 
thyroxine  destruction  which  occurred  in  all  of  these  cows  as  thyroxine 
feeding  was  prolonged  must  be  at  least  part  of  the  homeostatic  response 
which  has  been  noted  in  lactating  cows. 
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THE  INITIATION  OF  THYROID  FUNCTION 
IN  THE  MOUSED 

II L BERTA  E.  van  HEYNINOEN 

Ihpiirlttieitt  of  Biology,  Brown  rniversity,  Bromhme,  Rhode  Island 
ABSTRACT 

In  tlu‘  tliyrohl  of  Bl’B  mouso  fetuses  of  different  ages  tlie  24-hour  I*’*  up¬ 
take  and  radioehroniatographie  distribution  was  studied  concurrently  witli 
the  histological  ai)pearance.  The  development  of  tliyroid  function  in  tlie 
mouse  fetus  takes  place  between  15  and  17  days  of  age.  The  ability  to  accumu¬ 
late  iodide  from  the  circulation,  the  ability  to  bind  this  iodine  organically, 
and  the  formation  of  colloid  appear  between  15  and  1(5  days  of  age;  whereas 
the  ability  to  jjroduce  thyroxine  and  the  formation  of  follicles  ajjpear  btdween 
1(5  and  17  days  of  age.  It  is  concluded  that  colloid  formation  is  primary  to 
follicle  formation  and  that  the  production  of  thyroxine  begins  later  than  the 
collection  and  organic  binding  of  iodine. 

Many  .studies  have  investigated  when,  during  eml)ryonic  develop¬ 
ment,  the  thyroid  begins  to  function.  The  first  histological  signs  of 
thyroid  secretion  appear  at  comparatively  different  times  in  the  ge.station 
periods  of  various  mammals.  Similarly  tlie  times  at  which  the  successive 
steps  in  the  syntliesis  of  thyroid  hormone  appear,  and  the  degree  of  histo¬ 
logical  differentiation  of  the  thyroid  ti.s.sue  with  which  these  steps  coincide, 
vary  among  .species  (1-5).  In  the  mou.se  the  first  uptake  of  iodine  liy  the 
fetal  thyroid  has  been  reported  at  15  and  at  16  days  of  ag(*,  and  the  first 
appearance  of  colloid  and  follicles  has  b(*(*n  found  to  follow  the  first  iodine 
uptake  by  one  day  (6,  7).  No  reference  has  been  found  for  the  first  organic 
binding  of  iodine  or  for  the  first  thyroxine  formation  in  the  mou.s<‘.  In  order 
to  determine  when  in  the  mou.se  fetus  the  diffenmt  aspi'cts  of  thyroid  hor¬ 
mone  production  appi^ar  and  with  which  histological  advancement  the.se 
stages  in  metabolic  activity  coincide,  the  following  approaches  have  been 
made : 

1)  Study  of  the  histological  appearance  of  thyroids  of  fetuses,  14 
through  19  days  of  age; 

2)  Study  of  autoradiograph  slides  of  thyroids  of  fetuses,  14  through  19 
days  of  age,  which  had  been  injected  with  I'®‘  24  hours  previously; 

3)  Determination  of  the  24  hour  B**  uptake  of  thyroids  of  fetuses,  14 
through  19  days  of  age;  and 

Rccoivod  XovvmlxT  24,  19H0. 

'  This  study  was  supported  by  grants  CRT-.5007  and  C-51()  from  the  National  Cancer 
Institute.  United  States  Public  Health  Service. 
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4)  Uadiocliroinatograpliic  analysis  of  tliyroids  of  fetuses,  Ki  through  19 
days  of  age,  wliieli  had  l)e(‘ii  inj<‘ct(*d  with  I‘*‘  24  hours  previously. 

MATERIALS  AND  METHODS 

Albino  mice  of  the  inbred  strain  HUH  \Vi  were  maintained  at  7<S°  C,  fed  a  low  iodine 
diet  and  allowed  water  ad  libitum.  Fregnaneies  were  dated  by  the  vaf^inal  |)luf>  method 
and  the  aj^es  were  recorded  as  described  by  Kauffman  et  al.  (8).  In  this  strain  the  f^esta- 
tion  |)eriod  is  19  to  20  days.  Twenty-four  hours  after  the  injection  of  a  earrier-fre(‘  tracer 
dost'  of  Nal'*'  a  i)resnant  mouse  was  sacrificed  and  the  fetuses  were  removed.  The  thyroid 
of  each  fetus  was  dissected  out  alouR  with  a  i)iece  of  the  trachea  in  order  to  avoid  loss  of 
radioactivity  due  to  direct  handling.  For  the  histological  studies  the  thyroids  were  fixed 
in  Houin’s  fluid  and  stained  with  hematoxylin  and  eosin  or  with  periodic  acid-Schiff  and 
hematoxylin.  For  the  autoradiograph  studies  the  thyroids  were  likewise  fixed  in  Houin’s 
fluid,  and  the  slides  were  stained  after,  rather  than  before,  the  dipping  and  dev('loping  in 
order  to  j)revent  decolorization.  The  deparatlinized  slides  were  dii)p«‘d  in  NTH  jjhoto- 
grapfiic  emulsion-  at  42°  C'  in  the  darkroom  with  a  Wratten  #1  filtt'red  light.  .Vfter  a 
suitable  exposure  period  they  were  develoix'd  in  Kodak  D-19  in  comph'te  darkness, 
followed  by  fixation  in  Kodak  aci<l  fixer.  The  slides  were  completed  by  staining  with 
hematoxylin  and  eosin. 

For  the  24-hour  uptake  determinations  each  thyroid  was  placed  in  a  vial  with  1  cc. 
of  7N  KOH  and  hydrolyzed  in  a  boiling  waterbath.  The  radioactivity  was  counted  in  a 
well-type  scintillation  counter.  For  the  determination  of  body  background  a  piec('  of 
liver  and  kidney  of  each  fetus  was  count(‘d.  From  each  pregnant  mother  4  fetuses  wt'n' 
assayed,  (>xcept  in  a  few  cases  ivhere  the  pooled  thyroids  of  several  fetuses  wen*  counted. 

For  the  radiochromatographic  analyses  the  thyroids  of  a  number  of  fetuses  of  the 
same  ag('  were  jujoh'd,  ground  in  a  glass  mortar  and  susjjended  in  1  cc.  veronal  buffer 
(pH  S.b),  containing  7  X  HU'  M  I’TU  and  4  mg.  of  tryi).sin.  This  was  incubated  for  4  <lays 
at  38°  U.  After  l  i  days  of  incubation  an  additional  4  mg.  of  tryi)sin  was  added,  lixtrac- 
tion  was  carried  out  with  3  ml.  of  water-saturated  n-butanol,  followed  by  3  further 
extractions  with  1  ml.  of  .solvent.  The  combined  extract  was  evai)orat(>d  at  room  tempera¬ 
ture  and  dis.solved  in  a  ()()%  alkaline  alcohol  .solution.  One-dimensional,  descending 
chromatograms  were  prepared  on  Whatman  #1  filter  pap('r  with  n-butanol  saturated  with 
2N  acc'tic  acid  as  the  s<)lvent  syst<'m.  For  idi'utification  the  following  carrit'rs  wc'rc'  run 
concomitantly;  thyroxine,  diiodotyrosiiu',  monoiodotyrosine^  and  sodium  iodide.  The 
carriers  were  visualized  by  spraying  with  a  9.2%  ninhydrin  solution  in  n-butanol  with 
.■)%  acetic  acid  and  with  a  I  %  i)alladium  chloride  solution.  In  order  to  make  radioactivity 
distribution  curves  the  sheets  were  separated  into  3  cm.  wide  strii)s,  which  were  passed 
by  ()..")  cm.  steps  in  front  of  a  ( Ic'iger-.Miilh'r  scanning  counter.  Kach  reading  was  recorded 
and  idotted  on  graj)!)  i)aper.  The  curves  showed  se|)arate  peaks  for:  unhydrolyzed  thyro- 
globulin,  iodide,  .MIT,  DIT,  and  thyroxine,  tlu'  latter  including  triiodothyronine.  The 
areas  of  the  comi)onents  were  measured  with  a  jdanimeter  and  from  these  the  relative 
fpiantity  of  each  compound  was  calculated. 

RESULTS 

The  re.sult.s  of  tlie  chromatographic  analyses  an*  summarized  in  Table  1. 
h'lgure  1  repre.sents  the  24-liour  I'**  uptake  by  the  thyroid  at  different 

-  TIu'  photographic  emulsion  was  generously  provided  by  Kastman  Kodak  Company. 

^  The  following  abbreviations  have  been  used:  .MIT  for  monoiodotyrosine;  DUf  for 
<liiodotyrosine. 
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'I'aBLE  1.  CUKd.MATOCiHAl'HIC  UlSTRlBLTKJN  <»K  THE  KADIOIODIX ATED  AMIXO  ACIUS  l.\ 
THE  THYROID  OK  FETAL  MICE  OF  DIFFERENT  AGES  24  HOURS  AFTER  I'®*  INJECTION 


-Vge  of 

Number 

1 

I’ereent  glandular 

radioiodinated  compounds* 

fetus 
ill  days 

of 

sani|)lps 

Thyroxine 

DIT 

MIT 

I- 

Unhydrolyzed 

thyroglobulin 

lb 

2 

28.9 

18.8 

.50.4 

12.4 

IT 

4 

4b.  4 

19. b 

17.8 

11.7 

4  .5 

IS 

b 

■)!  M 

lb. 8 

20.8 

7.8 

8.8 

Ml 

4 

45.8 

18.0 

28.0 

9.1 

.5 

adult  t 

:i 

8.5  .(> 

14.8 

85.8 

11.5 

8.8 

*  The  values  represent  the  percentage  of  the  radioactivitj'  on  tlie  chromatograms  at¬ 
tributable  to  each  compound. 

t  The  adult  values  were  obtained  from  female  mice  treated  similarly  to  the  fetus-bearing 
females. 


prenatal  age.s.  Photomicrograph.s  of  fetal  thyroid  of  different  ages  are 
shown  in  Figurt's  2  through  5.  From  the  results  obtained  by  the  different 
techniques  the  following  pictures  evolve  for  each  of  the  prenatal  days 
studied : 

In  the  14-day-old  fetus  the  thyroid  tissue  consists  of  irregular  cords  of 
cells  and  there  is  no  uptake  of  iodine. 


PRENATAL  AGE  IN  DAYS 

Fig.  1.  The  uptake  of  iodine  by  the  fetal  mouse  thyroid  in  relation  to  prenatal  age. 
The  iodine  uptake  is  e.xpressed  as  the  percent  of  the  dose  injected  24  hours  previousl}'. 
The  standard  error  of  the  mean  is  represented  bj'  vertical  lines.  The  number  of  litters 
examined  for  each  point  is  indicated  in  parentheses. 
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The  thyroid  tissue  of  the  lo-day-old  fetus  still  consists  of  irregular  cords 
of  cells  and  does  not  differ  essentially  from  the  previous  day.  There  is  no 
uptake  of  iodine;  even  when  4  or  more  fetal  thyroids  were  pooled  in  one 
sample,  the  counting  rate  did  not  exceed  the  background. 

The  difference  between  the  thyroid  of  the  Ib-daj'  fetal  thyroid  and  that 
of  the  previous  day  is  striking.  The  tissue  is  interlaced  with  blood  vessels. 
There  are  no  follicles,  but  among  the  cells  small  triangular  or  star-shaped 
droplets  of  colloid  can  be  seen  (Fig.  2).  At  16  days  the  fetal  thyroid  is  able 
to  collect  iodide  from  the  circulation.  The  percentage  of  iodine  taken  up  is 
actually  small,  but  amply  significant  in  all  8  litters  studied.  Chromato¬ 
graphic  analysis  of  16-day  fetal  thyroid  shows  that  the  iodine  taken  up  is 
partially  in  the  inorganic  form,  but  some  is  bound  organically  as  MIT 
and  DIT  (Table  1).  Since  the  total  uptake  is  so  small  at  16  days,  the 
preponderance  of  DIT  over  MIT  is  not  necessarily  .significant.  No  thyrox¬ 
ine  could  be  detected  in  the  chromatograms  of  the  16-day  fetal  thyroid. 
.\utoradiograph  slides  of  this  same  day  show  some  activity  above  the  cells, 
but  most  silver  grains  are  clustered  above  the  small  droplets  of  colloid 
among  the  cells,  indicating  that  the  organic  iodine  is  concentrated  mostly 
in  the  small  intercellular  colloid  droplets. 

In  the  thyroid  of  the  17-day-old  fetus  the  first  follicles  are  pre.sent.  In 
addition,  colloid  droplets  can  be  seen  in  and  among  the  cells  not  yet  ar¬ 
ranged  in  follicles  (Fig.  8).  The  thyroid  takes  up  a  considerable  fraction  of 
the  injected  radioiodine.  This  iodine  is  converted  to  MIT  and  DIT,  as  well 
as  to  thyroxine.  Again,  the  autoradiograph  slides  show  that  the  organic 
iodine  is  concentrated  mostly  in  the  colloid. 

The  thyroid  tissue  of  the  18-day-old  fetus  is  not  e.s.sentially  different 
from  the  previous  day;  colloid  is  found  in  follicles  and  also  in  and  among 
cells  (Fig.  4).  An  increas(‘d  amount  of  iodine  is  taken  up  by  the  thyroid  and 
is  bound  organically  as  MIT,  DIT  and  thyroxine  in  approximately  the 
same  proportion  as  at  17  days. 

The  difference  between  the  19-day-old  fetal  thyroid  and  the  previous 
one  is  only  quantitative;  the  follicles  are  somewhat  larger  in  size  and  the 
nonfollicular  colloid  droplets  are  somewhat  scarcer  (Fig.  5).  The  iodine 
uptake  has  again  increased.  The  radiochromatographic  distribution  of  the 
iodine  resembles  that  of  the  17-  and  18-day-old  fetal  thyroid. 

For  comparison  the  chromatographic  distribution  of  the  24-hour  iodine 
uptake  of  adult  thyroids  is  included  in  Table  1.  The  adult  thyroid  differs 
from  that  of  the  17-,  18-  and  19-day-old  fetal  thyroid  in  that  it  contains 
le.ss  thyroxine  and  more  MIT.  The  high  ratio  of  MIT  to  DIT  probably  re¬ 
flects  the  low  iodine  content  of  the  diet,  which  these  mice  received  (9). 

DISCUSSION 

The  initiation  of  thyroid  function  in  the  mouse  fetus  occurs  between  1.5 
and  17  da\’s  of  age.  In  the  1.5-day-old  fetal  thyroid  no  iodine  is  taken  up 
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and  the  epithelium  consists  only  of  irregular  cords  of  cells.  In  the  17-day- 
old  mouse  fetus  the  iodine  which  is  taken  up  hy  the  thyroid  is  incorporatf'd 
into  MIT,  DIT  and  thyroxine,  and  colloid-filled  follicles  are  present.  The 
finding  that  no  qualitative  changes  either  in  chromatographic  distribution 
or  in  histological  appearance  of  the  thyroid  were  found  on  later  days  implies 
that  complete  thyroid  function  has  begun  at  17  days  of  age.  The  results  of 
the  intermediate  day,  Ifi  days  of  age,  show  the  manner  of  dev(‘lopment  of 
thyroid  function;  the  small  amount  of  iodine  taken  up  is  partially  bound 
organically  to  MIT  and  DIT,  but  not  yet  to  thyroxine,  and  colloid  is  pres¬ 
ent  in  small  spaces,  but  not  yet  in  follicles.  Therefore,  the  ability  to  ac¬ 
cumulate  iodide  from  the  circulation,  the  ability  to  bind  this  iodine 
organically  to  MIT  and  DIT,  and  the  ability  to  produce  colloid  develop 
between  15  and  Ifi  days  of  age;  whereas  the  ability  to  .synthesize  thyroxine 
and  the  ability  to  form  follicles  develop  b(‘tw(‘('n  Ifi  and  17  days  of  ag(‘. 
These  re.sults  are  in  agHHunent  with  the  finding  of  Spcvrt  et  al.  (7)  that  the 
fetal  mou.se  thyroid  first  accumulates  radioiodine  after  Ifi  days  of  gestation. 
Using  the  same  strain  (Swiss  mice),  but  pooling  .several  thyroids  from  one 
litter,  Jacob.son  and  Brent  (fi)  found  that  aln^ady  in  tin*  15-day-old  fetal 
thyroid  selective*  iodine  accumulation  takes  place.  In  the  pre.sent  investiga¬ 
tion,  when  the  thyroids  of  the  younger  fetu.se's  were  pooh'd,  no  significant 
uptake  in  the  15-day  fetal  thyroid  could  be  detected. 

Since  in  the  bio.synthesis  of  thyroid  hormone  in  the  adult  animal  iodide 
is  first  concentrated  from  the  circulation,  then  combined  with  tyrosine  to 
form  MIT,  further  combin(‘d  to  DIT,  and  finally  to  thyroxine,  it  might  be 
exp('cted  that  in  the  f(*tat  thyroid  the  ability'  to  collect  iodide  is  present 
before  the  ability  to  bind  iodine  organically,  that  MIT  is  present  before* 
DIT  and  that  DIT  in  turn  is  pr{*.sent  before  thyroxine.  This  indeed  has 
been  found  in  the  chick,  but  not  in  other  species.  Trunnell  and  Wade  (1) 
found  in  the  chick  the  first  .selective  iodine  collection  by  the  thyroid  in  the 
5-day-old  embryo,  the  first  organic  binding  to  MIT  at  days,  to  DIT  at 
fij  days  and  the  first  formation  of  thyroxine  at  days;  after  10  days  no 
mon*  (lualitativ’e  changes  were  observed.  On  the  other  hand,  in  the  rabbit, 
according  to  Waterman  and  CJorbman  (8)  iodide  concentration  begins  at 

Fig.  2.  Thyroid  tissiu*  of  a  IH-day-old  mouse  fetus.  Note  the  presenec*  of  small, 
irregularly  shaped  eolloid  droplets  (e)  and  the  abundance  of  blood  vessels  (b).  P.V.S 
XIOOO. 

Fig.  ;1.  Thyroid  tissue  of  a  17-day-old  mouse  fetus.  Noti*  the  jiresenee  of  small 
follicles  (f),  as  well  as  colloid  droplets  whiidi  are  not  loeati'd  in  folliides,  but  within  (i) 
and  among  (c)  cells.  PA.SXOOO. 

Fig.  4.  Thyroid  tissue  of  an  IH-day-old  mouse  fetus.  In  addition  to  follicles  (f), 
colloid  droplets  are  still  present  within  (i)  and  among  (c)  cells.  P.VSXDOO. 

Fkj.  5.  'I'hyroid  tissiu*  of  a  19-day-old  mouse  fetus,  'riu*  follicles  (f)  are  somewhat 
larger,  and  oci-asionally  nonfollicular  colloid  droplets  (i)  can  still  be  .seen.  PA.SX900. 
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lo  days  of  age  and  at  17  days  MIT  and  DIT  as  well  as  thyroxine,  are 
present  in  the  fetal  thyroid.  In  the  mouse,  as  found  in  the  present  investiga¬ 
tion,  the  accumulation  of  iodide  and  the  organic  binding  to  MIT  and  DIT 
appear  simultaneously,  while  the  formation  of  thyroxine  appears  the  fol¬ 
lowing  day.  Therefore,  the  complete  development  of  thyroid  function  in 
the  mou.se  and  the  rabbit  takes  two  to  three  days,  whereas  in  the  chick  it 
takes  six  days.  This  longer  developmental  period  plus  the  use  of  shorter 
a.s.say  intervals  might  possibly  explain  why  a  stepwise  appearance  of  tlu* 
stages  in  thyroid  hormone  synthesis  was  found  in  the  chick.  A  stepwise* 
development  of  the  stages  in  thyroid  hormone  synthesis  in  the  mouse  and 
the  rabbit  is  not  excluded;  the  steps  may  follow  in  rapid  succession  and 
thus  escape  detection. 

Since  in  the  adult  thyroid  the  organic  binding  of  iodine  takes  place  in 
the  colloid  (10),  it  might  be  expected  that  in  the  fetal  thyroid  colloid 
would  be  pre.sent  when  the  first  organic  binding  of  iodine  occurs.  This 
.<!eems  to  be  the  case  in  some,  but  not  in  other  species.  In  the  fetal  calf 
Koneff  et  al.  (4)  found  thyroxine  present  a  number  of  days  prior  to  the  for¬ 
mation  of  colloid  droplets  and  follicles.  A  similar  situation  was  met  in  the 
pig  (11).  On  the  other  hand,  in  the  chick,  Wollman  and  Zwilling  (2)  found 
small  PAS-positive  colloid  droplets  in  the  fetal  thyroid  on  the  same  day  as 
the  first  organic  binding  of  iodine.  In  the  rat  (o)  and  the  rabbit  (8)  colloid- 
filled  follicles  were  found  to  appear  at  the  time  of  the  first  iodine  binding. 
Similarly,  in  the  mice  of  the  present  experiments  the  first  organically 
bound  iodine  and  the  first  traces  of  colloid  appeared  on  the  same  day. 

The  slides  of  the  fetal  mouse  thyroid  at  different  ages  imply  that  colloid 
formation  is  primary  to  follicle  formation.  The  16-day  fetal  thyroid  con¬ 
tains  small  droplets  of  colloid  among  the  cells,  but  no  follicles  are  present. 
The  colloid  droplets  increase  in  size,  become  surrounded  by  epithelial  cells 
and  form  the  follicles  as  seen  in  the  17-day  fetus.  On  later  days  more  new 
follicles  are  formed  seemingly  by  intra-  and  intercellular  colloid  droplets 
increasing  in  size  and  becoming  surrounded  by  epithelial  cells.  The  .secre¬ 
tion  of  colloid  is  therefore  concluded  to  precede  the  formation  of  follicles. 
In  some  investigations  follicle  formation  is  presented  as  primary  to  colloid 
production  and  this  concept  is  illustrated  by  pictures  which  show  empty 
follicles  and  follicles  slightly  filled  with  colloid  (rabbit,  3;  mouse,  7).  In  the 
pr(‘sent  investigation  empty  follicles  without  colloid  were  not  observed. 
On  the  other  hand,  the  present  description  of  follicle  formation  agrees  with 
Sugiyama’s  finding  in  rats  and  mice,  that  the  follicle  cavity  is  formed  by 
expanding  secretion  into  the  intercellular  fissures  (12).  Experiments  in 
which  fetal  thyroid  is  explanted  and  cultured  in  vitro  also  show  colloid 
droplets  appearing  in  advance  of  follicles  (13,  14). 
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PREPARATION  AND  PROPERTIES  OF  THE  COFA(TOR  OF 
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ABSTRACT 

The  isolation  from  human  blood  of  a  cofaetor  of  an  in  vitro  enzyme  system 
inaetivating  AC'TH  is  deseribeil.  The  eofaetor  aeeelerated  the  loss  of  aetivity 
of  AC'TH  as  measured  hy  the  Sayers  and  Sayers  hioassay  in  the  presence  of 
(‘ither  a  blood  prott'in  fraction  (C'ohn  III-O)  or  plasminogen.  The  AC'TH- 
inactivating  activity  of  the  latter  in  the  present  sy.stem  does  not  ai)pear  to  be 
identical  with  its  fibrinolytic  action. 

The  rapid  inactivation  of  ACTIP  in  heparinized  pla.sma  of  rat,  rabbit 
and  man  was  reported  by  Rei.ss  et  aJ.  (1).  Geschwind  and  Li  (‘2)  found 
that  sheep  ACTH  preparations  were  readily  inactivated  when  incubated 
with  rat  liver  and  kidney  slices,  diaphragm,  and  homogenates  of  liver,  kid¬ 
ney  and  adrenal  tissues,  but  that  they  were  inactivated  only  partially  Ity 
boiled  tissues;  the  supernatant  fraction  of  centrifuged  liver  homogenate 
possessed  most  of  the  inactivating  potency.  In  the  experiments  of  Gesch¬ 
wind  and  Li  incubation  of  ACTH  with  rat  blood  plasma  did  not  result  in 
loss  of  activity.  White  and  Gross  (3)  reported  that  the  splitting  by  bovine 
fibrinolysin  of  corticotropin- A  resulted  in  loss  of  biological  activity. 
Mirsky  et  al.  (4)  observed  that  ACTH  is  susceptible  to  hydrolysis  by 
str(‘ptokinase-activated  plasma  or  plasminogen.  Pincus,  Hopkins  and 
Hechter  (5)  described  an  ACTH-inactivating  system  in  mammalian  blood. 
This  consi.sted  of  an  enzyme  fraction  obtained  from  bovine,  human  or  rat 
blood  and  a  dialyzable  cofactor  present  in  heat-inactivated  human  and  rat 
blood.  Idle  present  paper  is  a  report  on  further  studies  in  which  attempts 
were  made  to  concentrate  and  purify  the  cofactor.  It  was  also  found  that 
plasminogen  can  be  .substituted  for  the  crude  enzyme  preparation  previ- 

Rpccivvd  Dect'mbcr  3,  1900. 
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*  .Vbbreviations  used:  .\CTH,  adrenocortieotropin;  EDTA,  ethylene  diamine  tetra- 
acetic  acid. 
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ously  used  and  that  it  inactivates  ACTH  in  tlie  presence  of  a  liiglily  puri¬ 
fied  cofactor,  the  preparation  of  whicli  is  described. 

EXPERIMENTAL  AND  RESULTS 

Materials 

The  ACTH  was  a  corticotropin  of  porcine  ori}?in  purified  on  oxycellulosi' 
(lot  Xo.  101900),  gf'nerously  supplied  In’  Dr.  C.  K.  Graham,  Wilson 
Laboratories,  Chicago.  Its  activity  was:  subcutaneously,  102  U.S.P.  units 
per  mg. ;  intravenously,  40  U.S.P.  units  per  mg. 

Cohn  (0)  fraction  III-O  (prepared  from  bovine  plasma),  plasmin  and 
plasminogen  were  .supplied  by  Dr.  W.  F.  White  of  Armour  Laboratori(*s, 
Chicago. 

Assay  of  Enzyme  and  Cofaetor  Aetivity 

The  ACTH  was  di.s.solved  in  O.lX  HCl  and  diluted  with  Krebs  pho.s- 
phate  saline,  pH  7.2  (7)  containing  0.002  M  ICDTA.  The  latter  was  added 
to  prevent  the  spontaneous  inactivation  of  ACTH  which  occurred  during 
incubation  with  the  saline  medium.  This  solution  was  adjusted  to  contain 
O.S  i.u.  of  corticotropin  per  ml.  The  enzyme  and  cofactor  preparations  w(‘r(‘ 
di.ssolved  in  1.4  ml.  of  phosphate  saline;  0.1  ml.  of  the  corticotropin  solu¬ 
tion  was  add(*d  and  the  mixture  was  incubated  for  one  hour  in  a  DubnoO' 
shaking  incubator  at  37°.  The  r(*action  mixture  was  then  diluted  with 
.saline  to  a  volume  of  10  ml.  and  1  ml.  portions  were  inj(!cted  into  the 
femoral  v(‘ins  of  each  of  fiv(*  hypophy.sectomiz(>d  male  rats  (SO-100  grams) 
for  the  determination  of  the  residual  ACTH  activit}’  by  Munson’s  modifi¬ 
cation  (8)  of  the  Sayers  and  Sayers  adrenal  ascorbic  acid  depletion  method. 
Under  the  conditions  de.scribed,  50-75%  of  the  AC’TH  was  inactivated. 
.Vlthough  100%  inactivation  could  be  observed,  this  was  avoid(‘d  as  un- 
d(‘sirable  becau.se  of  the  uncertainty  of  .stopping  the  reaction  at  the  pri'cisi* 
moment  this  point  was  reached. 

Concentration  of  Cofaetor  Activity 

Outdated  human  citrated  blood  plasma  was  obtained  from  the  local 
blood  bank  and  was  stored  in  the  frozen  state.  For  each  preparation,  one  or 
two  liters  of  plasma  were  allowed  to  melt,  diluted  with  one-half  volume  of 
water  and  immediately  deproteiniz(*d  by  running  into  the  mechanically 
.stirred  .solution  an  excess  of  3X  perchloric  acid.  The  coagulat(‘d  protein  was 
separated  by  centrifugation  and  was  re-extracted  with  water  to  which 
perchloric  acid  had  be(*n  added.  The  combined  extracts  were  filtered 
through  Whatman  Xo.  1  filter  paper.  The  clear  filtrate  was  neutralizi'd  by 
adding  .solid  K2C()3  with  stirring  until  the  pH  was  just  above  7,  and  left  in 
the  refrigerator  overnight.  The  precipitati'd  KCIO4  was  removed  by  filtra¬ 
tion  and  the  clear  solution  was  stirred  for  30  minutes  with  activated  char¬ 
coal  (Xuchar  C-190  granular)  which  was  then  removed  by  filtration. 
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At  this  sta^t*  tlie  solution  did  not  sliow  any  cloudiness  when  tested  with 
pc'rchloric  or  trichloroacetic  acid,  but  gave  a  copious  precipitate  with  5% 
phosphotungstic  acid  in  2X  HCl. 

The  filtrate  after  the  charcoal  treatment  was  now  transferred  to  a  large 
flask  and  at  least  o  volumes  of  cold  acetone  were  added.  On  standing  in  the 
cold  room  for  several  days  a  white  pn'cipitate  formed.  The  atjueous  acetone 
was  remov('d  l)y  decantation  and  the  solid  material  resuspended  in  fresh 
cold  acetoiu'  and  dri(‘d  by  repeatedly  centrifuging  and  resuspending  in 
acetone  with  grinding  in  a  mortar.  It  was  finally  collected  on  a  Buchner 
filter  and  dri(Hl  in  a  desiccator  under  vacuum.  A  part  of  the  material  which 
adhered  as  a  fine  film  to  the  wall  of  the  vessel  in  which  it  had  been  pre¬ 
cipitated  was  dissolved  in  a  small  volume  of  water  and  the  .solution  was 
lyophilized.  The  lyophilized  material  was  combined  with  the  acetone-dried 
material.  Yield:  about  8  gm.  of  dry  powder  from  1  liter  of  plasma.  A  10% 
aqueous  solution  of  this  material  was  found  to  have  cofactor  activity  in 
the  bioassay.  The  solution  could  be  stored  in  the  frozen  state  for  several 
months  without  apparent  lo.ss  of  activity. 

Fractionation  of  the  Cofactor-active  Material 

Fractionation  of  the  crude  material  was  at  first  attempted  by  various 
methods  including  ion-exchange  chromatography  using  the  r(*sins  Dowex 
")0  and  Amberhte  IRC  oO  (XE  64).  Paper  electrophoresis,  which  afforded  a 
more  convenient  and  clear-cut  separation,  was  adopted  as  the  method  of 
choice  for  the  preparation  of  a  small  amount  of  highly  purified  active  ma¬ 
terial.  A  Spinco  electrophoresis  cell  (Durrum  type)  was  used,  a  whole  sheet 
of  filter  paper  (Whatman  X^o.  1  washed  with  methanol  and  water)  replacing 
the  customary  eight  narrow  strips.  The  buffer  was  0.1  M  ammonium  ace¬ 
tate,  pH  6.8;  0.1  ml.  of  a  10%  solution  of  the  crude  powder  was  applied  as  a 
thin  line  along  the  top  of  the  sheet.  With  a  voltage  of  150  v.,  which  was 
required  to  maintain  a  current  of  20  ma.,  separation  was  achieved  in  three 
hours.  The  pap(*r  was  dried  at  room  temperature  and  three  distinct  zones 
were  located  by  spraying  guide  strips  with  ninhydrin.  Of  these  the  largest 
fraction  had  remained  at  the  point  of  origin.  Two  smaller  fractions  had 
migrated  toward  the  cathode  and  anode  respectively.  Only  the  immobile 
zone  was  stained  by  Xaphthylamine  Black  (9). 

When  20  sheets  had  accumulated  the  zones  were  cut  out  and  separately 
eluted  with  0.002  M  XH4OH.  The  eluates  were  filtered  and  lyophilized. 
Both  the  cationic  and  the  anionic  fractions  were  again  dissolved  in  water 
and  subjected  to  electrophoresis.  Each  fraction  yielded  in  addition  to  the 
main  constituent  a  small  amount  of  the  fraction  of  opposite  charge.  The 
purified  fractions  thus  obtained  are  de.signated  as  ‘'re-run”  or  “twice-run” 
material.  On  further  testing  by  electrophoresis  no  further  cross-contamina¬ 
tion  was  detected. 
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Table  1.  Knzymatu:  inactivation  of  AC'TII 


Iiiiictiviition  of  Af'TlI  (%) 


I'hizj'ine 

Cofactor 

No.  of 
assays 

Uang«‘ 

Mean 

Standard 

deviation 

Fraction  III-O 

— 

— 

__ 

— 

Fraction  III-O 

]>lasma 

i) 

40-08 

51 

0.5 

Plasminogen 

8 

— 

Plasminogen 

crude  powder 

12 

50-80 

74 

18.8 

The  incubation  mixture  contained:  80  me.  corticotroiiin,  either  human  blood  protein 
fraction  III-O,  20  mg.,  or  bovine  jilasminogen,  1  mg.  The  cofactor  was  either  deproteinized 
human  plasma  eipiivalent  to  I  ml.  of  blood  jilasma  or  a  solution  of  1  mg.  of  crude  cofactor 
])owder.  The  total  volume  was  1.5  ml.  Incubation  period  00  min.  Temperature  87°.  The 
activity  of  the  corticotropin  in  the  reaction  mixture  was  determined  by  bioassay  (8). 


Biological  Activity  of  the  Fractions 

Approximately  1  ml.  of  deproteinized  blood  plasma  was  required  to 
activate  2(5  mg.  of  Cohn  fraction  III-O  so  as  to  produce  o0%  inactivation 
of  (SO  mu.  of  ACTII.  In  this  system  2(5  mg.  of  fraction  III-O  could  be  re- 
plac(‘d  by  1  mg.  plasminogen.  The  crude  cofactor  powder,  1  mg.  of  which 
corresponded  to  ca.  O.S  ml.  of  tlu*  original  blood  plasma,  caus(‘d  (54-So% 
inactivation  of  ACTII  when  addt'd  in  a  concentration  of  0.(57  mg.  per  ml. 
(Table  1).  The  purest  (“twice-run”)  cathodic  fraction  was  active  as  cofactor 
when  present  in  the  incubation  mixture  in  a  concentration  of  1  mK  P^'i’  ml- 
(Table  2).  Thus  the  cofactor  activity  of  the  crude  powder  precipitated  from 
blood  plasma  had  been  concentrati'd  at  least  500  fold  by  the  purification 
procedure  described.  The  “twice-run”  anodic  fraction  and  the  immobile 
fraction  did  not  show  activity  in  comparable  dilutions. 

Inactivation  of  ACTH  by  Plasmm 

Unlike  plasminogen,  plasmin  inactiv^ated  ACTH  without  the  need  to 
add  cofactors.  Its  activity  was  abolished  by  the  addition  of  antifibrinoly.sin. 
Some  .samples  of  blood  plasma  fraction  III-O  which  had  been  stored  for 
more  than  one  year  had  acquired  ACTH-inaetivating  activity  not  requiring 
activation  by  the  cofactor.  This  activity  was  also  abolished  by  antifibrino¬ 
ly.sin  (Table  3). 


Table  2.  IxArTiVATio.N  of  .\('TH  by  plasminogen  and  pi  rified  cofactor 


Cofactor  (^g.) 


Inactivation  of  ACTH  (%) 


0 

1 

8 

40 


0 

80 

40 

48 


Experimental  conditions  as  in  Table  1.  The  enzyme  was  I  mg.  plasminogen;  the  cofactor 
was  a  “twice-run”  cathodic  fraction. 
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TaKI.K  3.  pKKKfT  OK  .WTIFI  HHI  NOI.VSI  N  0.\  AC'l'I  l-I  \  ACTI V  ATI  .\<i  SYSTKXIS 


.Vmount  in 
incuhation 
mixture  (mg.) 

No.  of 
assays 

Inactivation  of  .\(' 

Til  (%) 

Kiiz.ynie 

Range 

-Mean 

Standard 

deviation 

I’lasinin 

().().■> 

7 

.■)0-78 

()0 

8.0 

Plasmin 

Antifihrinolysiii 

0.0.") 

0.20 

4 

0-2.i 

13 

3.3 

Fraction  ni-(>  (aged) 

2.00 

10 

04-00 

78 

8.8 

Fraction  IIl-()  (aged) 
Antifibrinolvsin 

2.00 

0.20 

4 

0 

0 

The  initial  amount  of  ACTII  in  1.1  ml. 

incubation 

mixture 

was  80  me. 

I'ibrinoljjtic  Activity  of  Plasmin  and  Plasminogen 

In  view  of  the  well-known  fibrinolytic  activity  of  plasmin  (10),  it  mi{?ht 
1)(‘  expected  tiiat  th(‘  addition  of  the  cofactor  r(*sulted  in  the  activation  of 
plasminogen  to  plasmin.  However,  this  was  not  the  case  sinc(‘  tlui  cofactor 
was  iiK'ffective  in  causing  fibrinolysis  wlien  add(*d  to  plasminogen  in  th(“ 
fibrin  plate  test  (11).’’ 

Properties  of  ('of actor- Active  Material 

Both  the  cathodic  and  the  anodic  material  were,  owing  to  the  volatility 
of  the  buffer  (^mploy{‘d,  fr(*o  from  salt.  They  were  buff  powders,  hygro¬ 
scopic  when  expos(‘d  to  the  atmosphere,  but  .stable  when  stored  in  a  vacuum 
desiccator  at  room  temptuature.  They  were  not  soluble  in  organic  solvents 
except  in  formamide. 

Apart  from  the  ninhydrin  reaction  given  by  the  three  zones  and  the 
staining  with  Xaphthylamine  Black  of  the  immobile  zone,  it  was  difficult 
to  d(*tect  other  color  reactions.  Since  only  small  amounts  of  the  purified 
matiaial  were  available  for  this  purpo.s(>,  it  is  po.ssible  that  some  reactions 
might  b<‘  observable  if  largc'r  (piantities  were  available.  The  anthrone 
reagent  of  Roe  (12)  revealed  the  pre.sence  of  carbohydrate  in  the  immobile 
zone.  Th(‘  color  n'action  was  intense,  whereas  corresponding  amounts  of 
the  mobile  zones  did  not  show  any  color. 

Infrared  analysis  (KBr  pellet)  of  the  purest  cathodic  material  revealed 
the  pre.sence  of  carbonyl  groups,  amino  groups  (and  po.ssibly  OH  groups), 
but  no  bands  .suggesting  the  presence  of  phosphorus. 

Molecular  weight  determinations  in  the  ultracentrifuge®  indicated  a 
moh'cular  weight  of  the  purified  material  of  the  order  of  magnitude  of  loOO. 

The  mobility  of  the  cathodic  material  in  the  Tiselius  moving  boundary 
(‘lectrophoresis  apparatus  (Perkin  Elmer)  in  ammonium  acetate  buffer 

^  \W  wish  to  thank  Dr.  Perkins  R.  K.  Cluing  for  this  information. 

*  We  wish  to  tliank  Dr.  (1.  Kegeles  for  permission  to  use  his  ultracentrifuge  ami  for 
help  ami  instruction  in  its  oiieration. 
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|)1I  r).:!')  was  2.1)7X10  cm.-  scc.~'  volt'*  for  llic  <l(‘sc(‘H(liiifi;  p(‘ak  and 
2. SOX  10  cm.-  .'!(‘c.~'  volt  '  for  tlu*  asc(Mulinf>:  p(‘ak. 

I*(t()(:r  Chromatoyraphij  and  End  (h'onp  AnahjHis  of  ('ofactor 

Tlu*  “twicc-run”  cathodic  and  anodic  zoiu's  ran  on  paper  as  single  spots 
which  show(*d  diiferent  mobilities.  The  solv(*nt  .system  t('rtiary  butanol  :wa- 
ter:formic  acid  70;  15:1.)  (v/v- v)  allowed  faster  mov(*ment  and  better 
s('paration  of  the  criuh*  mat(‘rial  into  its  components  than  n-biitanol : acetic 
acid:wat('r  (15).  In  both  solvents  the  cathodic  mat('rial  had  greater  mobil¬ 
ity  than  the  anodic  zom*. 

The  dinitroplu'iiyl  derivative*  (14)  of  the  cathodic  mat(*rial  was  heated 
with  OX  IICI  in  a  Carius  tube  at  110°  for  48  hours.  The  hydrolysate  was 
(*xtracted  with  (*ther  and  both  tlu*  ether  (*xtract  and  the  aqueous  fraction 
(*vaporat(*d.  On  filt(*r  paper  impregnat(*d  with  phthalate  buffer  pH  0.0  (15) 
tlu*  dinitrophenyl  derivative*  of  the  unhyelrolyze*d  material  move*d  more 
sle)wly  than  the*  ether  e*xtract  of  the  proeluct  of  hyelrolysis,  which  hael  a 
nu)bility  comparable  to  that  of  the  DXP  derivative  e)f  tryptophan.  The* 
aeiue*ous  pe)rtie)n  e)f  the  hyelroly.sate,  however,  move*el  as  slowly  as  the  un- 
hyelrolyze*el  ele*rivative  anel  may  have  containe*el  unhyelrolyze*el  mate*rial. 

Ultraviolet  Absorption  Spectra 

Aque*e)us  solid ie)ns  of  both  the*  purifieel  cathodic  anel  anoelic  fractions 
showe*el  visible*  fluore'scence*  in  ultraviolet  light.  The  absorption  spe*ctra  in 
ultraviolet  light  e)f  elilute  .solutions  (40  -200  aS  pcc  ml.)  of  both  zone*s  showeel 
an  infle*ction  point  at  ca.  275  ma-  d  he;  infle*ction  peiint  was  .shifte*el  slightly 
in  alkaline*  solution  anel  afte*r  aciel  hyelreilysis. 

The  pre*se*nce  of  tryptophan  is  .sugge*.ste*el  by  the  results  e)f  tlu*  end  group 
analysis  anel  by  the*  infle*ction  pe)ijd  in  the*  ultraviole*t  spe*ctrum:  its  shift  on 
aciel  hyelrolysis  may  be*  elue*  te)  the*  ele*struction  of  tryptophan. 

Photometric  ele*termination  e)f  amine)  groups  accoreling  to  Me)ore  anel 
St(*in  (16)  showe'el  that  1  mg.  of  the  pure*st  fractions  gave*  a  ninhydrin  color 
correspoiuling  to  the  color  proeluceel  by  12-15  aiiioles  of  leucine  which  was 
use'el  as  a  stanelarel. 

From  the  re'lationship  between  the  absorption  in  ultraviolet  light  of  the* 
se)lution  and  its  ninhydrin  color,  a  “molecular”  absorption  coefficient, 
baseel  on  leucine,  was  calculateel  for  the  terminal  amino  groups  of  the  co¬ 
factor.  The  pure*st  anodic  fraction  had  ca-sflcucine)  =  0.654 X  10k  The  pure'st 
cathoelic  fraction  hael  e.Tsfleucine)  =0.560X10k  This  coefficient  was  u.seful 
in  the  eletermination  of  tlu*  concentration  of  .solutions  of  small  amounts  of 
material  which,  owing  to  its  hygroscopic  nature*,  coulel  not  be  weighed 
accurately. 

i)iscussie)X 

Whei  •eas  the  ACTH-inactivating  .system  elescrib(*el  by  other  workers 
(1,2,  5,  4)  consisteel  of  blooel,  animal  ti.s.su(*.s  or  ti.ssue  e'xtracts,  the  present 
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study  sliows  that  tlu*  hifihly  purific'd  system  used  in  this  study  contained 
two  components,  an  enzym<‘-j)rot(‘in  whicli  may  be  related  to  or  identical 
with  plasminoK<*n  ami  a  non-prot(“in  cofactor  r(‘(juir(*d  for  the  activation  of 
t  he  (*nzym(“. 

It  is  notable  that  the  purified  cofactor  (*mployed  in  tlu*  prescuit  system 
is  a  heat-stabl(‘,  dialyzable  substanca*  of  la'latively  low  mol(*cular  weight 
(less  than  2000),  itself  devoid  of  activity.  The  cofactor  is  therefore  not 
r(*lated  to  streptokinase,  which  was  employcal  by  Mirsky  et  al.  (4)  to  acti¬ 
vate  blood  plasma  or  plasminogen.  It  differs  from  other  known  activators 
of  plasminogen  which  with  two  exceptions  are  proteolytic  enzymes  (10). 

Since  no  evidence'  of  activation  of  the*  fibrinolytic  activity  of  plasminogen 
by  the  cofactor  has  be'cn  obtaiiu'd,  it  is  probable  that  the  enzymatic  mecha¬ 
nism  of  fibrinolysis  by  plasmin  differs  from  its  mechanism  of  ACTH  inacti¬ 
vation. 
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RELATION  OF  THE  HYPOTHALAMUS  TO  ANTERIOR 
PITUITARY  THYROTROPIN  SEC'RETIONi 

H.  L.  W.  AVERILL,  H.  I).  PURVES  a\d  N.  E.  SIPETT 

Endoi  rinology  Research  Department,  I'nivcrsUij  of  Otago  Medical  School, 

Dunedin,  New  Zealand 

AHSTRAC'T 

Methods  are  (leseril)e<l  by  wliieh  thermal  lesions  were  made*  in  rat  liyi)o- 
thalanii  and  their  placement  rapidly  confirmed  histologically. 

Hilateral  thermal  lesions  placed  in  the  anterior  ventral  h\^)othalamns  of 
100  gm.  female  Wistar  rats  resulted  in  a  sifrnificant  and  ixM  inaiumt  dei)ression 
of  thyroid  secretion  rate  as  measured  hy  the  rati*  of  loss  of  previously  assimi- 
late<l  I'^*.  This  d(>pression  was  effective  less  than  0  hours  aft(‘r  h'sions  had 
l)e(*n  made. 

Rats  with  thyroid-depressiiiff  lesions  retained  a  siKiiiticant  depn'ssion  of 
both  24-hour  uptake  of  l‘^'  and  rate  of  release  of  ineor|)(»rat(‘d  I''"  from  their 
thyroids  when  measured  2,  4,  and  S  weeks  post  operativ(‘ly. 

Rats  with  thyroid-depressing  lesions  recpiired  oidy  1.0  Mft  /-thyroxine 
100  wni.  day  to  i)revent  thyroid  secretion  (loss  of  incorporate*!  I'^')  in  tlu' 
l)resence  of  5-10  ni^.  methylthi(»uracil  daily,  while  un(»|)erated  control  rats 
reejuired  3.0-4. 0  daily.  • 

It  was  concluded  that  the  depression  of  the  secretion  rate  after  inakinji 
the  lesions  described  was  the  result  of  an  increascal  sensitivity  of  the  thyro¬ 
tropin  secreting  cells  of  the  anterior  pituitary  to  the  action  of  thyroxine  en¬ 
tering  the  systemic  circulation. 

Lesions  in  the  anterior  hypothalamu.s  of  the  rat  may  depre.ss  thyroid 
i  function  by  causing  a  d(‘pres.sion  of  tliyrotropin  .secretion  (1,  2,  11,  4). 
Lesioms  of  this  kind  moderate,  but  do  not  prevent,  the  re.sponse  of  the 
pituitary  to  thyroxine  deficiency  (o). 

The  experiments  reported  h(*re  wtut*  commenced  in  an  attempt  to  ('x- 
amine  the  function  of  tlu*  hypothalamu.s  which  miglit  modify  anterior 
pituitary  thyroid  stimulating  activity. 

MATERI.\LS  A.Nl)  METHODS 

Experimental  Animals 

Female  Wistar  rats  from  the  I'niversity  of  Otago  .Medical  School  colony  were  usc'd 
throughout  these  studies.  Operations  wen*  peuformed  wlum  the  rats  reached  98-102  gm., 
the  stereotaxic  instrument  being  modified  for  rats  of  this  size. 

Stereotaxic  / nstrument 

The  .sten'otaxic  in.strument  used  was  modified  from  th(>  design  of  Krieg  (0)  and 
resembled  that  described  by  (ire«‘r,  Mencken  and  Rolen  (7).  In  our  instrument  the  to))  of 

Received  Deciunber  28,  1900. 

'  This  work  was  financed  In-  the  .Mcaiieal  Rc'search  Council  of  New  Zealand  and  a 
grant  from  the  Nuffield  Foundation. 


736 


AVER  ILL.  RERVES  AND  SI  RETT 


Volume  6!) 


the  jjalate  bar  was  at  the  same  height  as  the  a.\is  of  the  (“ar  phifis.  Tlie  ear  l)lu{'s  were 
shaped  speeially  to  obtain  greater  aeeuraey  in  the  lateral  plaeeinent  and  to  avoid  damage 
to  the  internal  ear  (i.e.  faults  of  eonieal  ear  plugs).  The  special  shai)ing  is  shown  in  Fig¬ 
ure  1.  The  plug  A  has  a  diameter  turned  to  fit  the  auditory  meatus  of  rats  the  size  to  In- 
operated  on  (i.e.  100  gm.).  Lateral  placement  is  ensun-d  by  tin-  i)ressure  of  the  step  H 
on  the  edge  of  the  bony  meatus,  and  so  does  not  depend  for  accuracy  on  both  nn-ati  bi-ing 
of  the  same  diann-ter. 


Fig.  1.  Design  and  dimensions  of  ear  plugs  used  in  stereotaxic  instrument  for  rats 
of  100  gm.  (se(‘  text  for  tlescription). 


Eleelroilest 

Tlie  el(‘ctrodes  were  made  from  sewing  ne<‘dles  solden-d  into  hypixlermic  nec-dle  hubs, 
and  were  insulated  with  coil  varnish.  The  tii)s  wen-  snbseciuently  ground  to  form  a  conical 
tij)  with  an  includ(-d  angle  of  60°.  \  Lm-r-lok  boss.  fa.st(-ned  to  the  stereotaxic-  instrument 
but  insulat(-d  from  it  by  bushings  of  pc-rspc-x,  was  usc-d  to  hold  tin-  electrod(-s. 

.Vlternating  current  at  low  voltage  was  usc-d  at  radiofn-cpu-ncies,  delivi-n-d  from  a 
devi<-e  .similar  to  that  described  by  lvauf<-r  (8).  the  lesions  thus  being  due  to  thermal 
destruction.  For  the  lesions  described  below  N.o  m.a.  at  13.0  volts  was  jjassc-d  for  20 
seconds.  No  curn-nt  was  pass<-d  through  the  electrodes  in  sham  oix-ratc-d  controls. 

Pldcemenf  of  I.exion 

In  all  rats  lesions  wc-n-  made;  bilatc-rally  with  the  tips  of  tin-  c-lec-trode  i)laceil  5.8  mm. 
anterior  to  the  c-ar  bars,  1.0  mm.  to  right  and  h-ft  of  tin-  mid-line,  and  1.0  mm.  from  tin- 
floor  of  the  cranial  cavity.  The  vertical  co-ordinate  for  the  floor  of  the  cranial  cavity  was 
lin-viously  determined  in  6  rats  and  nn-asun-d  in  the  mid-line  at  the  same  antc-rior  co¬ 
ordinate. 

-Vt  the  conclu.sion  of  each  study  all  operated  rats  wt-n-  killed  with  coal  gas,  and  tln-ir 
Icrains,  thyroids,  adrenals,  ovaries  and  uteri  n-moved  and  fixed  in  10%  formalin.  Pitui- 
taries  wen-  n-movc-d,  and  fixed  and  sectioned  as  jm-viously  described  (9). 

Endocrine  organs  were  weighed  aft(-r  1  wc-t-k  in  fixative-.  Tin-  hypothalami  wc-re  dis¬ 
sected  from  the  fi.x(-d  brains,  using  a  sharp  razor  blade-.  .V  horizontal  cut  was  made- 
through  the  tissue-s  above-  the  e-en-jeus  e-allosum,  ainl  the-  blen-k  cemtaining  the-  hypothala¬ 
mus  roughly  trimnn-d  sejuare.  Tee  indicate-  the  le-ft  side-  eef  the-  hypeethalamus  in  the-  se-e-- 
tions  the  anterior  left  e-orner  was  cut  from  the  seiuare.  The-  hyieeethalami  were-  the-n 
mounte-el  in  10%  ge-latine  ainl  re  fixe-el  in  formalin  until  sectieme*d. 
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I'lG.  2.  Sfctidns  2r)-2S,  40-42,  o4-.')()  from  00  .sc-rial  .•^cotion.'^  of  liyi)otli:ilamus  of  rat 
luairiii}!:  tliyroid-dcprc.ssiiif;  lesions.  Lesions  do  not  extimd  into  sections  20-2S.  Seen  in 
staininji  fluid  in  suhdivitled  plastic  container.  (Transmitte<l  lifj;ht,  X2.) 


Serial  40  p  sections  were  cut  in  the  horizontal  i)lane  on  a  freeziiifr  mierotonu'  eoni- 
ineneinK  from  the  xamtral  .surface.  Individual  sections  were  phuasl  in  eonsc'cutive  eham- 
hers  of  subdivided  clear  jdastie  trays,  (‘aeh  chamber  eontaininn  1  ee.  of  staining  fluid 
(see  P'is.  2). 

The  staining  fluid  was  0.05%  toluidine  blue  containing  50  mg.  sodium  nitrite/OOO  ee. 
to  prevent  corrosive  oxidation  of  the  microtome  knife. 

I'aeh  section  was  stainc'd  for  10  hours.  1  drop  (about  0.05  ee.)  of  acidic  acid  buffi'r 
solution  of  pH  =3.2  being  added  to  each  chamber  to  ])revent  overstaining.  The  acetic 
acid  buffer  contained  2  gm.  sodium  acetate  and  10  ee.  glacial  acetic  acid  in  100  ee.  of 
water. 

The  trays  containing  the  stained  sections  were  examined,  using  transmitted  light  ami 
an  oi)tical  magnifier  (X20),  and  every  10th  section  mounteil.  From  these  sections  th(‘ 
diameter  of  the  lesions  and  their  jilacement  with  resja'ct  to  various  hyi>othalamic 
structures  were  <letermined,  using  an  ocular  micrometer. 

Did 

A  pellet<“il  diet  with  low  but  variable  I'-'  content  was  fed  to  rats  in  Ivxia'iiment  1.  .\ 
standard  low  iodine  diet  containing  72%  maize  meal,  10%  wheat  gluten,  10%  brewers 
yeast,  1%  ('aCDs,  1%  NaC'l,  was  b'd  throughout  lvxi)eriments  II  and  III  to  ensure 
uniform  high  thyroid  uptakes  of  injected  I'”. 

M ensure tnent  of  tlinroiil  responses 

'riie  effeetiveiK'ss  of  the  lesions  in  altt-ring  thyroid  acti\  ity  was  determined  by  meas¬ 
urement  of  the  uptake  or  the  rate  of  release  of  radioactive  iodine  (P")  in  the  thyroids. 
In  vivo  neck  counts  were  made  over  a  scintillation  counter  shielded  with  a  h-ad  plate  I" 
thick  through  a  window  1  cm.  sipian'.  At  least  2,000  counts  wm'c  ri'conh'd  for  each  atu- 
inal,  the  counting  error  being  approximately  ±  2%  for  each  count. 
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I’ptako  was  calculated  from  the  neck  counts  at  24  hours  after  injection  of  and 
expressed  as  a  percentage  of  the  dose  injected. 

Rate  of  release  was  found  by  calculating  the  percentage  of  the  thyroid  I'”  eont(“nt  at 
any  time  which  left  the  gland  over  a  24-hour  period. 

RESULTS 

A.  Ejfecls  of  lesions  on  thyroid  f  unction 
Experiment  I : 

Bilat(Tal  tliermal  lesions  wen*  made  in  the  anterior  ventral  hypo¬ 
thalamus  in  8  groups  of  rats.  Two,  four,  and  eight  weeks  later,  each 
group,  with  its  litter  mate  controls,  was  given  2  nc  I'®'  and  the  neck 
counts  recorded  at  24,  48,  72,  and  144  hours  after  injection.  The  results 
of  these  counts  are  shown  in  Table  1. 


TaBI.B  1.  Di  RATIO.V  ok  the  SI  PCRESSIVE  EKFECT.S  OK  11  YI’OTHAI.AMIC  LESIONS  ON 
THYROID  P”  UPTAKE  AND  RELEASE  IN  RATS 


Time  since 
lesion 
operation 
(weeks) 

No.  of 
rats 

Type 

Mean  %  P’*  in  thy¬ 
roid  at  24  hr. 

(with  S.E.) 

-Mean  loss  P^'  from 
thvroid  (%/dav) 
(with  S.E.)  ■ 

2 

5  ' 

1 

Lesions 

Controls 

24.0  +  1.51* 

61. 7  ±4. 77 

5.21 1 .05** 
17.511  .02 

4 

'  5 

Lesions 

Controls 

17.2±0.85* 

'  37.5+2.38 

0.1  +3.. 50* 
37.712.20 

8 

8 

2 

Lesions 

1  Controls 

33.712.58* 

86.810.71 

!  4.3+0.50* 

28.610.75 

Values  of  P  for  differences  between  rats  with  lesions  and  their  controls: 

*  0.001  <p<0.01  **  0.01  <p<0.05 


Both  uptake  and  subsequent  rate  of  release  of  I'®'  from  thyroids  were 
significantly  lower  for  rats  with  lesions  than  for  their  controls.  This 
(‘ITect  was  observed  as  early  as  2,  and  as  late  as  8,  weeks  post  opi'ra- 
tively. 

Experiment  //; 

To  test  how  soon,  post  operatively,  the  thyroid-depressing  effect  of 
the  lesions  became  established,  21  rats  wen*  given  8  pe  I'®'  when  ap¬ 
proximately  95  gm.  in  weight,  while  on  the  .standard  low  iodine  diet. 
From  24  hours  later  to  the  end  of  the  experiment  each  rat  was  kept  on 
the  standard  low  iodine  diet  and  injected  twice  daily  with  5  mg.  methyl- 
thiouracil  (MTU)  and  given  0.05%  MTU  in  the  drinking  water. 

Neck  counts  were  made  to  establish  the  rate  of  release  of  U®‘  from  th(* 
thyroids,  and  tho.si*  rats  which  had  reached  98-102  gm.  were  subjected 
to  bilateral  l(*sions  as  describ(*d  above.  Thyroid  counts  were  made  ti 
hours  later  and  then  twice  daily  thereafter. 

From  Table  2  it  can  be  .seen  that  in  the  24-hour  period  following  the 
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Tabi.k  '1.  Hatks  (»F  loss  ok  P^'  khom  thyroids  ok  rats  bkkore  and  akter  making 

MYI’OTHALAMIC  LESIONS 


No.  of 
rats 

Mean  rates  of  loss  U’*  from  thyroids 
(%/24  hr.  with  S.K.)' 

P  value 

Before  operation 

.\fter  operation 

Lesions  made 
Sham  Operation 

14 

49.  t) +8.98 

50.9  ±8.49 

17.2+2.99 
,58.8+8.28  : 

<0.001 

X.S. 

All  rats  roci'ivcd  5  ing.  MTU  2X<laily  (I  /P)  and  0.05  %  MTU  in  drinking  water  through¬ 
out  the  exiierinicnt. 


It'sioii  operation  the  rate  of  release  of  I'®'  was  significantly  rt'duced  in 
the  rats  with  lesions  when  compared  (a)  with  th(*ir  controls,  and  (h) 
with  their  own  pre-op(‘rative  rates  of  release.  Fi}?urr  3  demonstrates 
this  (‘fleet  and  it  is  evident  that  the  rate  of  thyroid  ivk'ase  of  I'**  was 
alrt'ady  (h'pressed  by  the  Gth  hour  after  placement  of  h^sions  and  con- 
tiniK'd  at  the  reduc(‘d  lev(‘l  theivafter  for  the  3  days  ov(‘r  which  it  was 
follow{‘d.  By  comparison  th(‘  sham-op<‘rated  control  rats  maintaiiu'd 
rapid  reh'ase  of  I‘*‘  from  their  thyroids. 

As  imd(‘r  the  MTU  regime  impos(*d  on  th(‘s(‘  rats,  the  rate  of  r(‘leas(‘ 
of  I'*‘  from  th(‘  thyroids  r(‘fl(‘cts  the  rate  of  pituitary  TSH  .s(*cr(‘tion,  it 
was  conchnh'd  that  TSH  s(‘cr(‘tion  was  r(*duc(‘d  h'ss  than  (i  hours  after 
placement  of  hypothalamic  h'sions. 

Experiment  III : 

An  attempt  was  made  to  obtain  a  (|uantitative  measun'  of  the  s(‘nsi- 
tivity  of  pituitary  TSH  s(*cretion  to  the  (U'pn'ssant  action  of  thyroxiiu' 
after  hypothalamic  lesions.  Twenty-two  rats  were  subj(‘ct(‘d  to  bilat(‘ral 
h'sions  at  the  co-ordinates  previously  employc'd.  Aft(‘r  14  days  on  the 
standard  low  iodine  diet,  to  ensure'  measurable  U'”  uptake's,  all  rats,  to- 


Q 

Fig.  8.  .Vlte'ration  of  thyroid  I”'  rolcasc  2 
*  > 
rate  by  hypothalamic  lesions  in  rats. 

O - O  rats  with  lesions. 

• - •  control  rats. 

MTU  =  Methyl  thiouraeil  0.05%  in 
drinking  water  and  5  mg./ rat  2X  daily  uj 

(i/h).  ‘  8 
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Fig.  4  (a  anrl  b).  St'iisitivity  to  ('ndom'iious  tliyroxiiio  of  rats  witli  hypothalamic 
lesions  ami  unoperated  controls. 

T4  =  injection  of  Na  f-thyro.\ino 

.MTF  =  Methyl  thiouraeil  0.05%  in  drinking  water  and  5  ing.  rat  'day  injt'cted. 

Xo.  of  animals  in  parentheses. 

Kcllior  witli  7  unoperatod  controls,  were  injected  intrap(*ritoneally  witli 

juc  I'"*'.  Fourteen  hours  later  thyroid  counts  were  commenced.  lOach 
rat  was  injected  daily  with  5  mg.  MTU,  given  drinking  water  contain¬ 
ing  0.0')%  MTU,  aiul  f(‘d  the  standard  low  iodine  diet  until  counting 
was  terminat(‘d. 

The  22  rats  with  lesions  were  divided  into  5  equivalent  groups. 
(Iroups  1-4  receiv(‘d  4.0,  .4.0,  2.0  and  1.0  jug  Xa  Mhyroxiiuy  100  gm. 
live  w(‘ight  in  0..t  cc.  saline  daily.  CJroup  .5  and  the  unoperated  controls 
both  rec(“ived  ,salin(‘  (0..5  cc.)  only. 

l]xp(“riment  III  was  then  repeated  using  unoperated  control  doi's. 
Thirty  do(‘s  wen*  divided  into  4  groups.  (Iroups  1-4  were  injected  daily 
with  4.0,  4.0  and  2.0  Xa  /-thyroxine  100  gm.  in  0..5  cc.  saline,  and  group 
4  received  0..)  cc.  .saline  daily. 

Thyroxim*  inj(‘ctions  w(*r(‘  made  subcutaneously  and  were  given  for  4 
days.  In  vivo  counts  continiu'd  for  6  days.  The  re.sults  of  these  expf'ri- 
ments  are  shown  in  Figun*  4. 

Daily  levels  of  thyroxine  above  1.0  Mg  100  gm.  were  equally  ('ffective 
in  preventing  release  of  I'*'  from  thyroids  of  rats  with  lesions.  Lo.ss  of 
from  thyroids  of  rats  receiving  1.0  mK  thyroxine  100  gm.  daily  was 
also  markedly  depress(‘d  compared  with  the  saline  injected  lesion  con- 
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trols.  Wlu'ii  tlio  daily  thyroxiiu*  inj(*ctions  stoppc'd  tlu'  group  of  rats 
which  had  r('C(*iv('d  1.0  gg  100  gin.  day  was  the  first  to  resume  thyroid 
secretion.  I'noperatc'd  control  rats  lost  I''”  from  their  thyroids  at  a 
fast(*r  rat(‘  than  the  rats  with  lesions  when  both  groups  received  saline' 
only. 

In  the  trial  using  unoperated  rats,  both  3.0  and  4.0  jug  thyroxine 
daily  suppressed  release  from  the  thyroids,  while  2.0  jug  daily  had 
only  a  partial  effect.  Wlu'n  the  thyroxine  inje'ctions  c('as('d,  does  which 
had  received  3.0  jug  100  gm.  daily  resumed  thyroid  secre'tion  before 
those  which  had  r('C('iv('d  4.0  jug. 

B.  Other  ejfccts  of  the  lesions 

Of  43  rats  in  which  lesions  were'  maele  3  elie'd  within  1-3  days  of  opera¬ 
tion,  due  to  re'fusal  to  eat.  One'  rat  e'xhibite'd  hype'rphagia,  which  re- 
sulte'd  in  obesity,  the  re'inainde'r  growing  at  normal  rate's  post  opera¬ 
tively.  Six  of  the  ope'rate'el  animals  ('xhibite'd  some  elegre'e  of  ferocity 
when  handk'd. 

I'^xamination  of  elaily  vaginal  sme'ars  of  31  eloe's  with  le'sions  reve'aled 
that  while  IS  hael  normal  cyclic  oe'strous  patterns,  12  e'xhibite'd  the 
plu'nomenon  of  pe'rsistent  vaginal  cornification,  and  1  of  absence  e)f 
cornifie'el  ce'lls  from  elaily  smears.  Of  17  doe's  with  normal  smear  patterns 
which  mate'el,  10  littere'el  anel  3  elie^el  at  full  term.  None  of  the'  10  which 
litte're'el  proeluceel  sufficient  milk  to  prevent  eleath  of  the'ir  young  within 
3-0  elays  post  partum. 

C.  ^rce/.s  of  hj/pothnlamus  destroi/ed  by  lesions 

In  all  lats  the  h'siem  hede's  appeare'el  circular  in  horizontal  section. 
De'struction  was  first  appare'iit  about  0.2  mm.  above  the  ventral  .surfae'e 
of  the  optic  tracts  anel  continue'el  above  this  point  in  an  average  number 
of  ().)  .sections  each  of  40  ju  thickiu'-ss.  In  the  12  most  elorsal  anel  12  most 
ventral  .sections,  the  dianu'te'rs  of  the  he)le's  were  incivasing  towards  the' 
includeel  40  se'ctions  in  which  le'sions  were  of  maximal  diame'ter  =  l.o 
±0.1  mm.  (mean  from  21  rats).  I'^ach  lesion  hole  thus  extenele'd  1.0  mm. 
at  maximal  eliameter  with  te'rminal  coiu's  of  elestruction  e'xteneling  for 
about  0.5  mm.  both  dor.sally  anel  ventrally. 

Anteriorly,  the'  le'sions  often  impinge'd  on  the  posterior  margin  of  the' 
optic  tracts  anel  the  suprachiasmatic  nucle'i.  Posteriorly,  lesions  e'x- 
tendeel  into  the  elorsomedial  nuclei  anel  laterally  tlu'y  ele.stroyed  the 
fornices  anel  me'elial  portions  of  the  lateral  hypothalamic  areas  and 
median  fore'brain  bundle.  The  lesions  coalesced  in  the  miel  line  and  ele- 
stroyed  the  paraventricular  nuclei  anel  structure's  immediately  ventral 
to  them,  inclueling  the*  ante'rior  extremities  of  the  ventromedial  nuclei. 
The  le.sions  diel  ne)t  extenel  into  the  nmelian  eminence. 
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1).  Pituitarics 

I’ituitanes  from  docs  with  lesions  were  found  to  have  considerably 
fewer  stainable  thyrotroph  cells  than  did  pituitaries  of  control  does. 
The  neural  lobes  were  never  atrophic  and  all  contained  stainable  neuro¬ 
secretion. 

DISCUSSION 

Damage  from  electrolytic  lesions  is  diffuse  and  variable,  both  in  form  and 
('xtent  (10),  and  Clark  (11)  was  unable  to  correlate  .symptoms  with  areas  of 
hypothalamic  damage  after  electrolysis.  Thermal  lesions  as  made  in  the.se 
(experiments  improve  on  electrolytic  l(\sions  by  being  more  precise  in  form. 
I’dectrolytic  lesions  mad(*  in  the  anterior  hypothalamus  have  been  reported 
to  extend  into  the  nmdian  eminence  (4)  and  adenohypophysis  itself  (1). 
Xo  such  ramifications  of  destruction  followed  placement  of  thermal  lesions, 
the  destroyed  areas  being  cylindrical  in  form  about  the  lesion  electrode  and 
circular  in  horizontal  section.  Vertically,  the  lesions  were  centered  on  the 
upper  margin  of  the  uninsulated  tip  of  the  electrode,  showing  that  some 
h(‘ating  damage  had  occurred  above  the  insulated  extremitj’  of  the  needle. 
A  .similar  observation  has  be(Mi  made  by  Morri.son  et  al.  (10). 

Hypothalamic  obesity,  aphagia  and  ferocity  occurred  here  in  r(4atively 
f(‘w  of  the  43  do(‘s  subject(‘d  to  bilateral  thermal  h'sions  in  contrast  to  the 
incidence  of  aphagia  and  d(‘ath  (1)  and  of  hyperphagia  (4)  following  eU^ctro- 
lytic  lesions.  It  is  b(4ieved  that  the  smalliu'.ss  of  the  proportion  of  do(‘s  .so 
aff(‘ct(‘d  in  these  (‘xpin’inumts  was  due  to  the  more  circumscribed  nature  of 
the  damage  which  results  from  tlu'rmal  h^sions. 

lOxamination  of  serial  .s(*ctions  of  the  hypothalami  of  all  operated  animals 
is  ('ssential  to  any  study  which  attempts  to  ascribe  functions  to  sp(‘cific 
hypothalamic  ari'as  or  nuclei.  By  the  methods  de.scrilxHi  above,  it  was 
found  that  the  hypothalamic  structures  compl(4(4y  destroy(‘d  in  the.se  rats 
incliKhnl  tin*  paravcmtricular  nucl(‘i  and  .s(‘ctions  of  the  fornices  at  the  same 
dor.sal  level.  I)(‘struction  of  ti.ssiu's  also  occurn'd  in  the  anterior  hypo¬ 
thalamic  areas  and  in  the  mi'dial  (‘xtremities  of  the  lateral  arenas.  Little 
damage  was  .sustained  by  the  .suprachiasmatic  or  ventromedial  nuclei  and 
no  damag(‘  occurrcsl  in  tlu*  im'dian  eminence  (see  Fig.  5).  The  area  destroyed 
was  thus  comparable  to  that  afflicted  in  other  studies  concerned  with 
thyroid  activity  (12,  13).  Smaller  thermal  le.sions  made  nmdially,  which 
destroy  the  paraventricular  nuch'i  and  structur(‘s  imnmdiately  ventral  to 
them,  ivduce  thyroid  activity  to  the  .same  extent  as  the  large  le.sions  above 
(H). 

I’ixperiment  I  aliove  confirms  earlier  reports  showing  that  both  uptake 
and  release  of  from  the  thyroids  of  rats  with  lesions  in  the  anterior 
hypothalamus  depressed  12-14  days  post  operatively  (3,  4).  Experiment  I 
extends  these  observations  by  demonstrating  that  the  depression  of  thyroid 
activity  was  still  present  eight  weeks  after  operation.  Subsequent  studies 
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have  shown  that  the  thyroid  activity  remained  depressed  in  rats  40  we(‘ks 
after  operation,  and  it  may  be  said  that  tliis  effect  of  such  lesions  is  per¬ 
manent. 

By  making  lesions  in  animals  which  werereh'asing  P'**  fromtheir  thyroids, 
with  re-uptake  blocked  by  MTU  in  Kxperiment  'I,  it  was  found  that  thy¬ 
roid  release  rate  (effectively  a  nn^asure  of  pituitary  thyrotropin  (TSH) 
secretion  rate  under  these  conditions)  was  d(‘pr('ss(‘d  within  less  than  six 
hours  of  making  the  lesions. 

As  the  reduced  rate  of  loss  of  P'*'  from  th(‘  thyroids  of  rats  which  r(*ceived 
lesions  was  detected  at  in  vivo  counts  made  six  hours  after  op('ration,  the 


Fig.  5.  Diagrammatic  representation  of  hypotlialamus  of  a  rat  slio\vin<j  tlie  position 
of  the  large  lesion  described  above  and  the  smaller  lesion  of  .Vverill  and  l’urv<‘s  (14). 
both  of  which  (h'press  thyroid  function. 

.MB  =  mammillary  ar(>a  ()(’  =  optic  chiasma 

P.\=anterior  i)itnitary  PX  =  posterior  pituitary 

PO  =  preoi)tic  area  SC  =  sui)rachiasmatic  nuclei 

IllV  =  third  ventricle  VM  =  ventromedian  nuclei 


depres.sion  of  TSH  relea.se  must  have  been  (‘ff'ectiv(‘  soim*  tim(“  beffoix*  this 
count  was  made.  It  is  in  fact  detectable  as  early  as  four  hours  after  placing 
le.sions,  but  as  the  anaesthetic  and  op(‘rational  proc(‘dures  them.s(4ves 
usually  cause  a  small  temporary  depression  in  thyroid  P'”  relea.sc*  rate,  it 
may  not  be  possible  to  (hdermine,  by  this  medhod,  pr(‘ci.s(4y  how  .soon  the 
function  of  the  pituitary  is  aff(‘ct(*d  after  damaging  tin*  hypothalamus. 

Injection  of  small  amounts  of  thyroxine  into  tlu'  pituitary  glands  of 
rabbits  (15)  and  rats  (Hi)  cause  an  almost  imm(‘diat('  reduction  in  TSH 
secretion  rate,  showing  that  the  pituitary  it.self  is  s(‘nsitiv(‘  to  small  local 
increases  in  thyroxine  concentration.  Pituitaries  graft<‘d  to  sites  other  than 
the  median  eminence  of  rabbits  (17),  of  guinea  pigs  (18)  and  of  mice  (19, 
20),  are  .sensitive  to  inject('d  thyroxine.  From  both  types  of  experiment  it 
is  cl(‘ar  that  the  pituitary  it.self  is  sensitive  to  thyroxine  levels, 

I'ixperiment  III  above  showed  that  in  rats  bearing  thyroid-depix'ssing 
lesions,  1.0  /-thyroxiin*  per  100  gm./day  was  sufficient  to  suppress 

pituitary  TSH  .secretion.  In  normal  rats  5. 0-1.0  mK  IdO  gm./day  was 
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necessary  to  suppress  pituitary  T8H  secretion,  a  figure  similar  to  that  re¬ 
ported  earlier  (21).  It  was  concliuh'd  that  de.struction  of  tissues  in  the 
ventral  anterior  hypothalamus  had  rendered  the  ant(*rior  lobe  of  the  pitui¬ 
tary  about  three  times  more  sensitive  to  injected  thyroxine. 

In  what  way  the  lesions  have  operated  to  produce  this  change*  is  not  yet 
clear  and  must  lx*  ('lucidated  by  further  experiment.  It  may  be  that  the* 
sensitivity  of  the  anterior  lobe*  tissue*  it.se*lf  to  thyroxine  is  not  alte*re*el  by 
the  k'sions,  but  that  after  the*  le*sions  have  be*e*n  maele  more*  of  the  inject(*el 
thyroxine  re*ache\s  the  anterior  pituitary  lobe*.  This  is  po.*<sible  be*cause*  the 
anterior  lobe*  is  supplie*el  with  blooel  which  has  first  pas.se*el  through  the; 
capillarie*s  of  the  meelian  eminence  anel  is  then  elistribute*el  to  the  anterior 
lobe  by  the*  hypophysial  portal  .system.  Brown-drant  (22)  anel  Purve*s  (2R) 
have  sugge*ste*el  that  the*  m(*elian  e*mine*nce*  normally  re*move*s  or  inactivate*s 
.significant  amounts  e)f  the  thyrenel  hormone  in  the  blooel  passing  through  it 
anel  that  the*  e*xtent  of  this  re*moval  or  inactivation  is  controll(*d  by  the* 
hypothalamus.  The  e*ffe*ct  of  the  lesions  may  be*  to  eliminish  the*  e^xtent  of 
the  renmval  or  inactivation  of  thyroiel  hormone  in  the  me*elian  eminence, 
anel  thus  make*  the*  ante*rior  lobe*  more*  sensitive*  to  the  thyroid  hormone  in 
the  sy.ste*mic  circulatiem.  While  this  e*xplanation  .se*ems  to  us  the*  most 
pre)bable  one,  it  is  aelmitte*el  that  with  the  eviele*nce  at  pivsent  availal)le* 
other  e*xplanations  are  possible. 

It  is  important  to  note  that  the*  “.seivening”  or  “filter”  the*ory  of  m(*dian 
e*minence  action,  as  outline*el  above*,  a.ssume*s  that  the  sensitivity  of  the* 
anterior  lobe  ce*lls  to  the  thyroiel  hormone*  which  re*aches  them  is  not  alte*re*d 
by  hypothalamic  lesions.  Furthermore,  injections  of  thyroiel  hormone  give*n 
once  a  day  are  not  a  suitable*  way  to  test  the  scre*e*ning  action  because  of 
the  probability  that  the  high  hormone  levels  proeluce*el  in  the  blood  for  a 
short  time  after  e*ach  injection  will  swamp  the  scre*ening  action.  This  may 
be*  the  re*ason  why  neither  I)’.\ng(*lo  (4)  nor  we  have  be*en  able  to  elemon- 
strate  an  increase*el  .sensitivity  of  the  anterior  lobe  to  triioelothyronine  in- 
jecteel  once  a  day  in  rats  with  thyroiel-ele*pre*ssing  hypothalamic  le*sions. 

Florsheim  (24)  has  repe)rte*el  e*xpe*rime*nts  .similar  to  ours  in  which  he*, 
unlike  us,  eliel  not  finel  a  differential  sensitivity  to  thyre)xine  injecte*el  once* 
a  elay  after  hypothalamic  le*sions.  Two  fe*ature*s  of  Florshe*im’.s  e‘xp(*rim(*nt.s 
may  have  e*ontribute*el  to  this  r(*sult.  Firstly,  his  thyroxine*  inje*ctie)ns  we*re* 
give'n  intramuscularly  anel  woulel  have*  be*(*n  ab.sorb(*el  more  rapielly  than 
from  the  .subcutaneous  site  usenl  by  us.  8e*conelly,  his  e*xp(*riments  we*r(* 
pe*rforme*el  in  the  summe‘r,  at  a  time  when  the*  thyroxine*  re‘eiuire*me*nt  of  the* 
control  animals  was  alre'aely  unusually  low  (Florshe*im,  pe'isonal  communi¬ 
cation). 
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PLASMA  (’ATIX’HOL  AMINE  LEVELS  AND  ADRENAL 
ASCORBIC  ACID  (V)NTENT  FOLLOWING 
^-MER(’APTOETHYLAMINE  (MEA) 
ADMINISTRATION 

M.  11.  IIKIFFER,  H.  L.  MUNDY  .\xi)  B.  MEHLMAN 

Walter  Reed  Annij  Medical  C( tiler,  Washington,  l).C, 

AHSTRACT 

'I'Ik'  (‘ffiTt  of  |(i-m(“rca|)to(*thylamine  (.MKA)  on  tlu*  pcTipluTal  plasma 
catccliol  amino  lovol  and  the  adrenal  ascorbic  acid  content  of  rats  was  studied. 
l’eriplu>ral  jdasma  catechol  amine  concentrations  were  didermined  at  10.  dO 
and  00  minutes  following  intraperitoneal  injections  of  12.5  mg.  kn-  of  MK.V. 

.Vn  increase  of  jdasma  epinephrine  concentration  occurn'd  10  minutes  after 
the  administration  of  ME.\  and  this  elevation  persisted  throughout  the  one 
hour  observatif)!!  i)eriod.  Similar  results  were  obtained  after  the  administration 
of  cystamine.  the  dimer  form  of  MK.\. 

The  l.P.  administration  of  125  mg. /kg.  of  MK.V  to  intact  rats  caused  a  sig¬ 
nificant  (h'crease  in  adnuial  ascorbic  acid  content  at  the  end  of  one  hour  as 
comi)ared  to  .saline  control  rats.  However,  ME.\  did  not  have  any  effect  on 
th('  concentration  of  adnmal  ascorbic  acid  of  hypoi)hysectt)mized  rats.  These 
residts  indicate'  that  the*  decrease  of  adrenal  ascorbic  acid  of  intact  rats  follow¬ 
ing  .MK.V  treatnu'iit  is  not  dm*  to  a  direct  action  of  the  chemical  on  the  adrenal 
gland  as  suggestc'd  by  some*  invc'stigators,  but  by  action  through  tin*  hypophy¬ 
sis. 

IT  H.\S  l)(‘(‘n  siiowii  that  /3-mer(*aptocthylaminp  (MEA)  produco.s  a  fall 
in  the  liv(‘r  g;lycojr(*n  of  mice  (1).  Sokal  et  al,  oh.served  a  hypc'rglycemia 
and  a  mark(*d  depletion  of  liver  and  muscle  glycogi'n  of  the  rat  following 
the  administration  of  MEA.  Ergotamim*  pre-treatment  or  adnmal  de- 
medullation  prevent(‘d  the  hyperglyc(‘mia  and  musch*  glycogc'iiolysis.  The 
authors  suggi'stc'd  that  M1']A  stimulates  the  secretion  of  epinephrine  (2). 
\  rec(‘nt  study  r(*v(‘al(‘d  that  the  administration  of  MICA,  in  large*  radio¬ 
protectant  doses  to  dogs,  produced  a  rise  in  circulating  epinephrine  accom¬ 
panied  by  a  hyperglyc(*mia  (8). 

It  has  been  .suggested  that  epinephrine!  may  stimulate  ACTH  secretion, 
re*sulting  in  an  adrenal  a.scorbic  acid  de*ple*tion  of  the*  rat  (4,  5).  Van 
Cauwenberge  and  co-workers  ob.served  that  MEA  eause*d  a  fall  in  adrenal 
a.scorbic  aciel  of  the  rat,  but  conclude*d  that  this  chemical  did  not  act  by 
rele*asing  ACTII  (0).  However,  the  latter  group  of  investigators  used  only 
intact  animals. 

The  purpo.se  of  this  study  is  two-fold,  first,  to  determine  whether  there 
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is  a  rise  in  plasma  catechol  amines  following  the  administration  of  MILA 
and  secondly,  to  assess  the  role  of  the  hypophysis  in  MKA-induc(‘d  adrenal 
ascorbic  acid  depletion  using  intact  and  hypophysectomized  rats. 

EXPERIMENT.\L  METHODS 
(’atecliol  (unines  and  blood  glucose 

Walter  Heed  rats  of  either  sex  wliieh  had  been  fasted  for  18-24  hours  were  used.  \ 
dose  of  125  mj>;.  k^.  of  .ME.\  (base)  or  100  mj;.  kg.  of  the  dimer  form  of  ME.V  (base), 
2,2.dithio-bis-(ethylamine),  eystamiiie,  was  administered  intraperitoneally.  Tlie  ehem- 
ieals  were  ^iven  as  i.sotonie  solutions  and  as  the  hydroehloride  salt.  The  animals  w(>re 
anesthetized  with  35  niff.  kg..  1. 1’.,  of  pentobarbital  10  minutes  before  the  blood  sam|)les 
were  taken.  Estimates  of  plasma  eateehol  amines  were  made  by, means  of  a  modification 
(7)  of  the  Weil-Malherbe  and  Hone  method  (8)  on  3  ml.  of  blood  taken  from  the  abdomi¬ 
nal  aorta  by  means  of  a  needle  puncture  following  laparotomy.  (4ne  ml.  of  blood  taken 
either  from  the  inferior  vena  eava  or  abdominal  aorta  from  another  grouj)  of  rats  was 
analyzed  for  blood  glueos(*  by  the  method  of  Xel.son  (9).  All  the  blood  samples  were  taken 
from  the  different  groups  of  rats  before,  and  at  10,  30,  and  00  minutes  after  drug  adminis¬ 
tration. 

Ascorbic  acid  determinations 

The  .Munson  modification  (10)  of  the  Sayers,  Sayers  and  Woodbury  (11)  technique 
for  assaying  AC.'TH  activity  was  usc'd  as  a  basis  for  the  (h'sign  of  this  »>xi)eriment.  Charles 
River  male  rats  w(“ighing  from  203  to  2()0  gm.  wen*  fed  and  allowi'd  water  ad  libitum.  The 
animals  wen*  divided  into  four  groups,  (iroup  I  consisted  of  hypophyseetomiz(*d  rats 
which  n*e(*iv(*d  intrap(*ritom*al  injections  of  125  mg. /kg.  of  ME.V  (has**).  (Irouj)  II  wt*r(* 
hyi)oi)hyseetomiz(*d  rats  which  received  (*(iual  volumes  of  0.9%  sodium  chloride  solution 
intrai)eritoneally.  (Iroup  III  contained  intact  rats  receiving  ME.V  (125  mg.  kg.  basi*. 
l.P.)  while  the  rats  in  (Iroup  IV  served  as  their  saline  controls.  The  hypophysect()miz(*d 
rats  had  undergone  surg(*ry  approximat(*ly  40  hours  b(*fon*  the  start  of  the  exi)erim(*nt. 
One  hour  after  the  administration  of  ME.V  or  .saline  the  animals  were  ane.sthetized  with 
sodium  pentobarbital  (0  mg.  100  gm.  of  body  weight,  I.P.).  The  adn*nal  glands  wen* 
removed,  weigh(*d  and  placed  in  6%  trichloroacetic  a(*id  solution  within  3  minut{*s.  The 
glands  w<*n*  ground  and  the  ascorbic  acid  determinations  were  p(*rform(*d  on  tin*  filtrat(*s 
according  to  the  method  of  Roe  and  Kueth(*r  (12). 

.Vt  the  (*nd  of  tin*  exj)erinn*nt,  the  .sellae  of  the  hyi)ophys(*ctomized  rats  wen*  examined 
carefully,  by  nn*ans  of  a  dis.secting  microscoj)e,  for  comph*t(*ness  of  hypophysectomy. 

RESULTS 

PIdsma  catechol  amines 

The  plasma  epinophrin<*  lovol  of  the  10  minute  post  MKA  treated  rats 
was  estimated  to  be  15.4  mK  htor  compared  to  0.7  MR/liter  in  the  .saline 
control  group  (P  <.001).  This  elevation  was  more  marked  50  minutes  after 
MEA  treatment  (24.6  jug  liter).  One  hour  after  MKA  administration,  the 
plasma  level  of  epinephrine  was  ob.served  to  be  22.7  mK  liter  (P<.001). 
The  dimer  form  of  MEA,  cystamine,  produced  even  greater  rises  in  plasma 
epinephrine.  The  plasma  level  was  estimated  to  be  55.4  /xg  liter  at  10 
minutes  after  cystamine  treatment,  compared  to  a  control  level  of  0.7 
Mg  liter  (P  <.001).  At  50  minutes  the  plasma  concentration  of  epinephrine 
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Table  I.  (' 

ATECHOI. 

.\MI\K  P 

.ASMA 

.M  !  •:  A 

I.KVKLS  FMLU»\VI\(i  THE  A  1>M I MSTKATION 

OR  CVSTA.MINE 

OK 

1  r(*.i  t  iiicii  t 

Kpine](hrine  mK 

/liter 

Xore|)inep 

nine  MtJ'liter 

-Mean 

±  S.K. 

1  " 

P 

-Mi'an  ±  S.I-;. 

n 

p 

Saline 

0.7 

0.10 

1 1 

II 

4.0  1.10 

1 1 

10  -Minutes 

II 

Post  -MKA 

l.i.4 

1 .:{() 

0 

<  .001 

0.8  0.8.5 

0 

>  .  10 

.'{()  -Minutes 

Post  -MKA 

,  24.0 

4.01 

0 

<  .001 

7.ti  .5.01 

»)  ! 

>  .0.5 

(it)  Minutes 

Post  -MKA 

22  7 

:+85 

i 

<  .001 

11.2  0.4.5 

0 

>  .0.5 

10  Minutes 

1 

Post  ('ystaniine 

:i:i  .  4 

2.00 

i> 

<  .001 

8.2  1.70 

1 

>  .0.5 

at)  Mint  lies 

1 

1 

Post  ('ystaniine 

a.') .  4 

:+02 

i) 

<  .001 

11.0  2.8.5 

i  0  ' 

<  .02 

00  Minutes 

1  ' 

Post  Cystainino 

47.1 

0 . 07 

0 

<.001 

12.0  4.08 

(> 

>  .0.5 

had  ris(‘n  to  35.4  mK  liter  and  at  tlie  end  of  (50  minutes  the  level  was  47.1 
mK  liter.  The  plasma  norepinephrine  level  rose*  from  4.0  to  11.2  juf?  liter 
in  the  MKA  group  and  to  12.9  mK  litf'i'  in  the  cystamine  group  oiu*  hour 
after  the  respective  chemical  was  given  (Table  1). 

lilood  glucose  values 

The  blood  glucose  levels  (Fig.  1)  ros(‘  from  94.3  +2.2  (Mean  +S.I'].)  mg. 
p<>rcent  to  104.9+7.7  mg.%  10  minutes  after  M1*]A  was  given.  At  30 
minutes  the  blood  glucos(‘  level  (118.4+4.1)  was  elevat(‘d  over  tin*  .salim* 
control  group  (P<.001).  The  hyperglycemia  pc-rsisted  for  the  n(*xt  90 
minutes.  Cystamine  caus(‘d  an  ev(>n  greater  elevation  of  the  blood  gluco.sc* 
than  M10.\.  The  glucose*  hn  el  rose*  from  94.8  +5.3  mg.%  to  128.0  +4.3  mg.% 
at  the*  enel  of  1  hour  (P<.001). 

Adrenal  aseorhie  acid  eouteut 

The  me*an  aelre-nal  ascenbic  acid  value*s  (Table*  2)  e)f  the  saline  contred 
rats  was  390.0  ;ug  100  mg.  of  aelrenal  tissue*  while  the*  aelrenal  asceubic 
acid  e*once*ntratie)n  of  the*  animals  re*ce*iving  MI'^A  fell  to  202.9  /ig  100  mg. 
of  aelrenal  tissue*  (P<.001).  However,  the*  adre*nal  ascorbic  aciel  le*ve*l  e)f 
the*  hypophy.sectomize*el  rats  tre*ate*ei  with  Mh^A  was  almost  iele*ntical  to 
their  hypophy.sectomize*d  saline*  tre*ateel  controls  (405.0  anel  4()4.1  /ag  TOO 
mg.  of  adrenal  tissue,  re*spectively). 

nise'ussie>x 

The*  pre*.s(*nt  elata  show  that  the*re*  is  an  e*pine*phrine*  incre*a.se*  in  the*  plasma 
e)f  the*  rat  following  M1‘]A  aelministration ;  plasma  e‘pine*phrine*  cone*e‘ntra- 
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Kio.  1.  H1(hm1  ulucoso  l(*v(‘ls  followiiifj  tlu*  administration  of  125  in<f.  k(>;.  of  MI'-A 
or  100  niK'/kt?-  cystamiiu'.  liars  indicate  ±2  S.K.  from  the  mean.  Xumlu'rs  in  (  ) 
=  munlK‘r  of  (‘xiM'rinumtal  animals. 

tion  of  (logs  lias  also  l)(M*n  shown  to  incn'asi*  uikIcm-  similar  circumstance's 
(3).  This  sul)stantiat(‘s  Sokal  and  co-work(‘rs’  sugg(*stion  that  Ml'^A  may 
stimulate  the  release*  of  epinephrine  in  the  rat  (2).  The*  plasma  cat(*ch()l 
amine  level  rose*  to  quite  a  large*  titer  and  this  (*l(*vati()n  p(*rsiste‘(l  through- 


Tabi.k  2.  .Vdrknai.  asiokbic  acid  contknt  ok  intaot  and  n ypoi’ii yskctomi/.kd  rat.s 

TRKATEI)  WITH  125  XKi./Kr,.  BETA-MER(  A  I’TOETIl  YI.A  MI  N  E 


1 

Treat  ment 

-Micrograius  ascorbic  acid 
.  ioo  infi.  tissm* 

11 

t  ' 

Mean  1 

±s.M.  ; 

( Iroup  1-M  KA 

I  ly  popliysectoinized 

4(i5.0  i 

20.:{4 

1 

12  1 

1 

Group  ll-Salino 
Hyiiophysectoinized 

4()4 . 1 

25 .01) 

1 

>- 

1  j 

Group  III-.MFA 
Intact  Control 

I  2()2.0 

10.18 

10 

4.14 

i 

Group  IV-Salinc 
Intact  Control 

i  :v.t(i.o 

^  25.0'.> 

12 
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out  tlic  one  hour  oliisorvatiou  pc'riod.  The  hypcrglyocMuia  whicli  was  oh- 
sorv(‘(l  soiMuod  to  parallel  this  rise.  In  other  studi(‘s,  using  Ml^A  treat(‘d 
rats,  liver  glycogi'iiolysis  was  not  ol)s(*rv(*d  until  dO  minutes  after  an  I.P. 
injection  (2).  It  was  at  this  p(*riod  that  w(‘  obtained  tlu*  first  significant 
ris(‘  in  blood  glucose  levels.  Sokal  et  ul.  report (‘d  that  adrenal  demedulla- 
tion  prevent(‘d  the  hyperglyccunia  which  normally  followc'd  Ml*>.\  tn'at- 
ment  in  the  rat.  These  investigators  also  demonstrated  that  MK.\  could 
cause  liver  glycogenolysis  in  adrenal  dem<‘dullat(‘d  and  tlu*  depancr(*atiz(‘d 
rat  indicating  that  this  ag(*nt  may  have  an  effect  indepcmdent  of  th(‘  adnmal 
riK'diilla  or  glucagon  action.  However,  musch*  glycogenolysis  did  not  occur 
aft(‘r  adrenal  medullectomy  (2).  So  it  appears  from  tlu‘  abov(‘  (‘videncc* 
that  the  hyperglycemia  that  is  obs<‘rv(‘d  after  MK.\  tn'atment  is  dm*  to 
epiiu'phrine  release. 

It  has  long  .since  Ixhmi  sugg(‘st(‘d  that  (‘piiK'phriiu*  caus(‘s  a  r<‘h*a.s(‘  of 
.\CTII  from  the  pituitary  of  the  rat  (4).  Bacq  and  Alexand(‘r  have  statixl 
that  adrenal  ascorbic  acid  d(*pletion  alone  may  b(*  insuffici(*nt  as  evidence' 
for  the  a.ss(‘rtion  that  stress  is  pn'.sent  (Id).  However,  aeln'iial  ascorbic  acid 
depletion  has  be(*n  widely  acc(*pt('d  as  an  index  of  .\CTH  activity  and  has, 
in  fact,  be(*n  demonstrated  to  be  an  ('xcelh'iit  as.say  for  this  hormone  under 
prope'r  conditions  in  hypophysectomized  rats  (10,  11,  14).  It  is  not  known 
how  much  of  the  adrc'ual  ascorbic  acid  de'pletion,  following  the  administra¬ 
tion  of  .MI'].\,  might  have*  be*e‘n  me‘diate*el  through  the*  re*le*a.se*  of  epine*phrine* 
in  the*.se*  e*xpe*rime*nts.  It  is  sugge*.ste*el  that  uneler  the*  conelitions  of  our  e*x- 
pe*riments  it  coulel  have  playe'el  a  role.  Kxpe'riments  are*  now  in  progre*ss  te) 
stuely  this  factor  by  use*  e)f  aelre*nal  ele*me*elullate*d  rats. 

.Although  Van  Cauwe*nbe*rge‘  et  al.  ob.se*rve*el  an  aelre*nal  ascorbic  aciel 
elepletion  (27%  in  one*  hour  anel  0o%  in  4  hours)  afte*r  the*  aelministration 
of  MKA,  the*y  conclueie*ei  that  this  chemical  eloe*s  not  act  to  stimulate* 
.ACTH  .se*cretion.  These*  inve*stigators  arrive*d  at  this  thought  be*cause*  the*y 
were*  unable*  to  elemonstrate*  a  .significant  ele*cre*ase*  of  che)le*ste*rol  concentra¬ 
tion  in  the*  adrenal  glanel  (2()%  at  4  hours)  or  a  significant  ele*e*line*  of 
circulating  e*osinophile*s  (d0%  at  o  henirs)  e)f  rats  given  .MI'^.A  ((>).  How- 
e*ve*r,  this  eloes  not  rule  out  the*  possibility  that  .ACTH  may  be*  re*le*ase‘el. 
Pe*rhaps  MK.A  alte*rs  the*  physiology  of  the*  rat  to  such  a  elegre*e‘  that  the* 
proeluction  of  e*ortie*al  hormone*  anel  its  action  on  le*ue*e)e*yte*s  is  moelifie'el. 
In  any  event,  the*  fact  remains  that  hypophyse*ctomy  pre*ve*nts  the*  ele*ple*- 
tion  of  ase'orbic  aciel  from  the*  aelrenal  glanel  of  the*  rat  tre*ate*el  with  .AI1*'..A. 
The*re*fore,  we  think  that  this  ele*pletion  is  elue*  to  a  stimulation  of  .ACTH 
secretion  from  the  anterior  pituitary,  which  may  be*  brought  about  by 
re*le*ase  of  e*pinephrine*,  probably  acting  in  some  manne*r  through  the  hypo¬ 
thalamus  (l.'i). 
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STUDIES  OX  THE  METABOLISM  OF  ADIPOSE  TISSUE: 
THE  EFFECT  OF  ADRENALINE  ON  OXYGEN  CON¬ 
SUMPTION  AND  GLUCOSE  UTILIZATION*  ^ 

JEAN  IILMMS  HAGEN  axd  ERIC  G.  BALL 

l)( purtment  of  Biological  ChetniMrg,  Harvard  Medical  School,  Bouton,  Mas.Haclia.<«ctts 
and  Department  of  Bhgsiologi),  Cniversitg  of  Manitoba,  Winnipeg,  Manitoba 

ABSTRACT 

The  effect  of  adrenaline  on  the  oxygi'n  consumption  of  adipose  tissue  in  vitro 
has  been  studied.  The  oxygen  ui)take  of  rat  epididymal  adipose  tissue  is  linear 
with  time  and  is  indei)endent  of  the  prestmee  of  glucose  in  tlu‘  medium,  .\dren- 
aline,  10 /ig  ])er  ml.,  inhibits  the  oxygen  ujdake  of  adipose  tissue  incubated  in  a 
l)rotein-free  medium  whether  glucose  is  i)re.sent  or  not.  When  albumin  is  pres¬ 
ent  in  th(“  medium,  adrenaline  scarcely  alters  the  oxygen  uidake  in  the  ah.sence 
of  glucose  but  stimulates  oxygen  ui)take  in  the  ])res(‘nce  of  glucose.  The  inhibi¬ 
tion  of  oxygen  ujdake  by  adrenaline  is  related  to  the  accumulation  of  free  fatty 
acids  within  the  tissue;  tin*  presence  of  albumin  in  th(>  nu'dium  reduces  tin* 
intracellular  concentration  of  free  fatty  acids  and  prevents  the  inhibition  of 
oxygen  ipdake.  In  the  presence  of  insulin  adrenaline  markedly  stimulates  oxy¬ 
gen  uptake;  glucose  is  required  for  this  effect.  Insulin  by  itsidf  scarcely  albus 
oxyg(‘n  upUike. 

IN  PRI*]VI()US  .studios  in  this  .sorios  (1)  tlu*  action  of  adrenaline,  aloiu' 
and  in  combination  witli  insulin,  on  the  net  gas  exchange*  and  glucose 
utilization  of  adipo.se  tissue  was  reported.  Adrenaline  appeared  to  divert 
the  metabolic  pathway  of  gluco.se,  taken  up  under  tlu*  infliu'nce  of  insulin, 
away  from  fatty  acid  .synthesis  to  other  metabolic  products  .sucli  as  lactic 
acid.  The  pre.sent  study  is  concerned  with  the  etf(*ct  of  adn'iialine  on  the* 
oxygen  consumption  of  adipose  ti.s.sue,  and  the  relationship  of  the  re.spon.si* 
to  free  fatty  acid  lib(*ration.  The  influence  of  glucose,  insulin,  and  .serum 
albumin  upon  this  action  of  adr(*naline  is  also  reported. 

METHODS 

Male  white  rats  (170-220  gm.)  obtaiiu'd  from  the  Holtzman  Company  and  main¬ 
tained  on  a  diet  of  Purina  laboratory  chow  ad  libitum  wen*  used  in  all  experiments.  The 
l)rocedure  for  the  housing  of  the  rats  and  the  removal  and  handling  of  the  tissue  was  as 
previously  descril)ed  (2)  (3).  Only  two  i)ieces  of  tissue  were  used  from  (‘ach  rat,  namely, 
those  refern'd  to  in  pn'vious  studies  as  the  distal  jmrtions  (3). 

Received  .January  12,  1901. 

•  This  wf»rk  was  supimrted  in  part  by  funds  received  from  the  Eugene  Higgins  Trust 
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^  This  is  the  sixth  in  a  series  of  reports  devoted  to  studies  on  the  metabolism  of  adii)ose 
tissue. 
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Tissues  wen*  incul)at(‘(l  in  Warluiif!;  vessels  witli  a  total  volume  of  16-20  ml.  After  a 
preliminary  temperature  (‘(piilibration  of  15  minutes  at  37°,  oxyj?en  eonsumption  was 
nu'asured  for  up  to  3  hours.  The  incubation  medium  (2.S  ml.)  was  either  a  phosi)hate 
huffenMl  inorfianic  salt  solution  (4)  containing;  half  the  recommended  concentration  of 
calcium,  or  a  glycylglycine-buffered  salt  solution  which  had  the  following  composition; 
76  ml.  0.1,54  M  NaC'l.  4  ml.  0.154  M  KCl,  3  ml.  0.1 1  M  Cat'h,,  1  ml.  0.1,54  M  KH2P()4. 

1  ml.  0.1,54  M  MgS()4,  3  ml.  0.1,54  M  NallUOs,  21  ml.  0.1,54  M  glycylglycine  buffer  pH 
7.4,  21  ml.  water.  .\  glyeylglycine  buffered  medium  was  used  in  preference  to  the  phos¬ 
phate  buffered  medium  since  the  full  lamcentration  of  calcium  could  be  used  without  the 
formation  of  a  preei])itate  during  the  incubation.  Similar  results  were  obtained  whether 
a  phosphate-buffered  or  a  glycylglycine-buffered  medium  was  used.  However,  it  was 
not(!d  that  the  glycylglycine-buffered  medium  became  more  alkaline  during  incubation 
with  intact  adipose  tissue  reaching  pH  values  of  7.8-7.9  after  2-3  hours’  incubation. 
Paper  ehromatography  of  the  medium  showed  that  glycine  was  present  in  appreciable 
amounts.  The  nature  of  the  enzyme  in  adipose  tissue  which  is  responsible  for  the  cleav¬ 
age  of  glycylglycine  is  at  present  unknown.  In  some  exi)eriments  albumin  (human  serum 
albumin,  fraction  VH,  from  the  Protein  Foundation,  .Jamaica  Plain,  Massachusetts,  or 
bovine  serum  albumin,  fraction  V,  from  Mann  Hiochemicals)  was  dissolved  in  the  incu¬ 
bation  medium  to  yield  a  5%  solution,  and  the  solution  adjusted  to  pH  7.4  with  sodium 
hydroxide  solution.  The  medium  containing  bovine  serum  albumin  was  dialy.sed  against 
l)hos))hate-buffered  Krebs’  solution  before  use.  'I'hc  albumin-containing  glycylglycine- 
buffered  medium  showed  negligible  j)!!  changes  during  incubation  with  tissue. 

(llueose  was  added  to  the  medium  from  the  side-bulb  (0.2  ml.  of  glucose  solution  in 
0.9%  NaCl)  or  was  ))resent  in  the  main  compartment  from  the  start  (replacing  0.2  ml. 
of  the  medium).  The  final  concentration  of  glucose  ranged  from  90  to  3()0  mg.  per  100 
ml.  .Vdnmaline  and  insulin  solutions  were  ))repared  as  described  previously  (2)  (3).  In 
preliminary  exi)eriments  adiamaline  blanks  were  run,  i.e.,  the  flasks  contained  all  the 
com])onents  of  the  experimental  flasks  including  adnmaline  but  the  tissue  was  rei)lac(‘d 
by  boiled  ti.ssue;  no  oxygen  uptake  was  observed  under  these  conditions.  The  center  w(41 
contained  0.2  ml.  of  20%  KOH  and  a  piece  of  rolled  filter  paper. 

Oxygen  uiffake  is  calculatc'd  as  /xl.  oxygen  i)er  100  mg.  of  tissue  (w<'t  weight)  i)er  hour 
from  the  ix'iiods  stated.  'Phe  effect  of  adrenaline  on  oxygen  U])take  is  measured  by  com¬ 
paring  OIK'  of  a  i)air  of  tissues  incubated  with  adrimaline  with  its  paired  tissue  incubated 
without  adrenaline  and  is  expressed  eitlu'r  as  a  percentage  change,  taking  the  control  tis¬ 
sue  oxyg('n  ui)take  as  100%,  or  as  an  ab.solute  change  in  /iinoles  oxygen. 

(llueose  was  estimated  according  to  the  method  of  Nelson  (5)  as  described  i)revi- 
ously  (1).  Lactic  acid  was  estimated  aceonling  to  the  method  of  Barker  and  Summerson 
(6).  Free  fatty  acids  (FFA^)  were  measured  by  the  method  of  Dole  (7);  0.5  ml.  samples 
of  the  incubation  medium  wen'  uscal.  The  tissues  wen*  homogenized  in  the  acid  extrac¬ 
tion  mixture  (7)  and  made  up  to  a  volume  of  10  ml.;  3  ml.  of  this  homogenate  were  used 
for  the  FF.\  estimations.  All  estimations  were  done  in  duplicate. 


RESULTS 

The  oxygen  consumption  of  epididymal  adipose  tissue  proceed.s  nearly 
linearly  for  as  long  as  it  has  been  followed  (5  hours).  Typical  experiments 
are  shown  by  the  control  curves  of  Figures  2  and  3.  This  rate  of  oxygen 
uptake  is  indeptmdent  of  the  presemee  of  glucose.  In  5  experiments  in  which 
paired  tissues  were  incubated,  one  with  glucose,  3()0  mg.  per  100  ml.,  and 


’  .Vbbreviation  used;  FFA,  free  fattj'  acids. 


ISO  200  250  300 

WEIGHT  OF  RAT  IN  GRAMS 

Fig.  1.  Variation  of  tho  oxyK<‘n  consumption  of  rat  cpidulymal  adipose  tissue  witli 
tlie  size  of  tlie  rat. 

'rin*  incubation  medium  was  eith(*r  gU'cylKb’cine-buffered  or  jjliosjihate-buffc'red 
Hinder’s  solution  containing  the  amount  of  glucose  indicatc'd.  Values  are  calculated  from 
the  oxygen  uptake  during  the  first  hour  of  incubation.  Rats  in  the  weight  range  lo0-30() 
gm.  are  api)roximately  40-().t  days  old. 


tho  otlu'r  without,  the  mean  oxygen  uptake.s  were  28.1  and  27.7  n\.  oxygen 
per  100  mg.  tis.sue  per  liour  re.spectively.  The  rate  of  oxygen  consumption 
does  depend  on  the  age  of  the  rat  (Fig.  1).  It  is  clear  (a)  that  the  rate  of 
oxygen  consumption  decreases  as  the  rat  becomes  larger,  as  has  been  ob- 
.served  previously  (8)  (0),  and,  (b)  that  there  is  considerable  variation  in  the 
oxygen  consumption  from  one  rat  to  another  within  the  same  age  group. 

The  principal  effect  of  adrenaline  on  oxygen  uptake  of  adipose  tissue 
incubat(*d  in  a  protein-free  medium  is  an  inhibition  of  oxygen  uptake;  this 
is  usually  preceded  by  a  brief  stimulation  of  oxygen  uptake  (Fig.  2,  A). 
In  the  pre.sence  of  glucose  the  initial  stimulation  is  greater  but  a  similar 
inhibition  is  observed  (Fig.  2,  B).  In  30  out  of  30  rats  .such  an  inhibition 
was  ob.served,  but  in  .six  rats  adrenaline  stimulated  oxygen  uptake  and  the 
stimulation  was  maintained  for  3  hours  or  more;  in  two  of  the.se  6  experi¬ 
ments  no  glucose  was  pre.sent  in  the  medium.  A  possible  explanation  of 
the  results  obtained  with  these  0  rats  might  be  the  pn‘sence  of  glycogen 
in  the  tissue  in  greater  than  the  usual  concentration. 
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Fig.  2.  Effect  of  adrenaline  on  the  oxygen  eonsuinption  of  rat  epididymal  adipose*  tis¬ 
sue*  in  the  ])re*senee  anel  ahse*nee  of  albumin  anel  glucose. 

'riie  ineubatieui  me'elium  was  phosphat(*-l)uffere*el  Kreb’s  sedutiem.  In  e*xpe*rime*nts  (' 
anel  I)  the  nie*elium  e*e)ntaine*el  5%  bovine  serum  albumin  (elialyze*el).  In  e*xi)e*riments  H 
anel  D  the*  me*elium  eemtaineel  glucose*,  180  mg.  pe*r  100  ml.  Paire'el  tissue*s  we*re  useel  in 
e'aeh  experiment.  .\fte*r  30  minute's  ineubatieui  aelre*naline,  final  e*onee*ntratiem  10  MK-P<‘r 
ml.,  was  aelele*el  tei  one  eif  the  tissue's  anel  0.9%  seielium  e'hloriele  solutiem  was  aelele*el  te»  the 
either  tissue  as  inelie*ate*il  by  the  arreiw.  The  weights  eif  the  rats  were*:  .V,  200  gm.;  H,  200 
gm.;  C',  218  gm.;  D,  222  gm.  Re-aelings  in  each  ease  were  maele  at  te*n  minute  intervals. 

When  albumin  is  present  in  the  incubation  medium  adrenaline  does  not 
inhibit  oxygen  uptake  (Fig.  2,  C)  and  when  glucose  and  albumin  an* 
present  adrenaline  stimulates  oxyg(*n  uptake*  for  up  to  ‘.i  hours  (Fig.  2,  D). 
The*  inhibition  of  e)xyge*n  uptake  by  aelrenaline*  ob.sei  ve*el  in  the*  abse*n(*e*  eif 
albumin  appe*ars  to  be  n*late*el  to  the  high  concentration  of  FFA  in  the* 
tissue  (Fig.  :i). 
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PER  CENT  ALTERATION  IN  OXYGEN  UPTAKE 

P'uj.  3.  Relationship  hctwei'ii  increased  tissue  FFA  eoneentration  and  the  inhibition 
of  oxygen  ujitake  eausi'd  by  adrenaline. 

The  incubation  medium  was  phosi)hate-buffered  HiuRtT’s  solution.  Experiments  in 
which  no  albumin  was  present  in  the  incubation  medium  are  shown  by  open  circles.  Ex¬ 
periments  in  which  albumin,  5  percent,  was  |)resent  in  tin*  medium  are  shown  by  solid 
circles.  The  piTcent  alteration  in  tin*  oxygim  ui)takc  caused  by  adnmaline  is  calculated 
from  the  oxj’gen  uptake  during  the  third  hour  after  tin*  addition  of  adrenaline,  i.e.,  pe¬ 
riod  1.50'  to  210'  in  Figures  2  and  8,  and  the  oxygen  uidake  of  the  control  during  this 
same  period;  it  is  plotted  against  the  FF.\  eoneentration  in  the  tissue  (/xF.cj  piT  100  mg. 
tissue)  at  the  end  of  tin*  3  hours’  incubation  with  adn'iialim*. 

Whoii  insjulin  and  glucose  are  present  in  the  ineul)ati()n  m(*dium  adren¬ 
aline  markedly  inerea.ses  oxygen  uptake  (Fig.  4,  B).  This  stimulation  is 
not  oh.served  in  the  absence  of  glucose  (Fig.  4,  A).  The  stimulation  of 
oxyg('n  uptake  by  adrenaline  in  the  pn*.s(*nce  of  insulin  and  glucose  is  much 
gn'ater  than  tin*  .stimulation  in  tin*  pr(*sence  of  albumin  and  glucost*. 

In  Figure  o  is  shown  the  eff(*ct  of  adrenalitu*  on  oxyg(*n  uptake*,  glucose 
uptake  and  lactic  acid  production  by  tissue  incubated  in  a  protein-free* 
me*tlium.  Unele*r  the*.se*  conelitions  aelrenaline  eliel  not  marke*elly  alter  glu- 
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Fig.  4.  Effect  of  adrenaline  on  the  oxygen  consumption  of  rat  epididymal  adipose 
tissue  in  the  |)resenee  and  ahsimee  of  insulin  and  glucose. 

The  incubation  medium  was  i)hos))hate-huffered  Kreh’s  solution  containing  insulin, 
0.1  units  per  ml.  In  experiment  H  the  medium  contained  glucose,  ISO  mg.  per  100  ml. 
Paired  tissues  were  usi'd  in  each  experiment.  After  30  minutes  ineuhation  adrenaline, 
final  concentration  10  /xg  i)er  ml.,  was  added  to  one  of  the  tissues  and  0.9  percent  sodium 
chloride  solution  was  added  to  the  other  tissue  as  indicated  by  the  arrows.  The  weights 
of  the  rats  were:  .\,  240  gm.;  B,  240  gm.  Readings  were  made  at  tmi  minute  intiTvals. 


foso  uptake,  decn'ased  oxyK<‘n  uptake  and  inert'ased  lactic  acid  produc¬ 
tion.  Insulin  by  itself  incr(*a.sed  sluco.se  uptake  and  lactic  acid  production 
and  scarcely  altensl  oxygcni  uptake.  Insulin  and  adrenaline  togi'ther  in- 
creas{‘d  glucose  uptake  to  a  slightly  greater  extent  than  did  insulin  alone, 
more  than  doubled  the  oxygen  uptake  and  increased  lactic  acid  production 
to  a  slightly  greater  extent  than  did  insulin  alone.  Similar  experiments  in 
which  albumin  was  pn‘.s(>nt  in  the  incubation  m(‘dium  show  that  adrenaline' 
increase's  oxygen  uptake  anel  glucose  uptake  uneh'r  the.se^  conelitions;  othe'i- 
wise  the  re'sults  were'  ve'ry  similar  to  the).s{'  erbtaine'el  in  the'  prote'in-fre'e' 
medium. 

Of  the  substrates  othe*r  than  glucose  which  have  been  use'd  (pyruvate'. 
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Fig.  5.  The  effects  of  adrenaline  and  of  insulin  on  the  Klueose  uptake,  oxygen  uptake 
and  laetie  acid  i)roduetion  by  rat  epididyinal  adipose  tissue. 

'I'he  incubation  medium  was  Kl.vc.vlslyeine-buffered  Ringer’s  solution  eontaiiung 
glucose,  90  mg.  j)er  100  ml.  .Vdrenaline  ex)neeidration  was  10  mK  P‘‘r  nil.  Insulin  concen¬ 
tration  was  0.1  units  per  ml.  Incubation  period  was  3  hours.  The  glucose  and  stimulating 
agent  wctc  added  to  the  tissue  at  zero  time*.  Glucose  uptake,  oxygen  uptake  and  lactic 
acid  production  are  exjin'ssed  as  /xmoles  jier  100  mg.  tissue  per  hour;  they  are  calculateil 
from  the  value  obtained  at  the  end  of  three*  hours’  incubation.  The  bars  represent  the 
mean  of  5  experiments;  the  liiu's  represent  the  standard  errors  of  the  means.  .\  =  adrena- 
line,  I  =  insulin,  .VI  =adrenaline-|-insulin.  The  unlabeled  bars  are  the  control  values. 

fumarato,  a.spartato,  glutamate,  fjhitamino)  only  pyruvate  caused  any  in- 
cH'ase  in  oxygen  consumption,  and  the  addition  of  adrenaline  to  ti.ssue 
incubated  with  pyruvate  cau.s(*d  a  further  increase  in  oxygen  uptake.  In  a 
repre.s('ntative  experiment  with  paired  tissues  pyruvate,  0.4  mM,  incr(*ased 
the  oxygi'u  uptake  of  adipo.se  tissue  from  R2.()  lA.  p<‘r  100  mg.  tissue  per 
hour  to  o0.()  n\.  The  addition  of  adrenaline  to  both  ti.ssues  increased  tin* 
oxygen  uptakes  to  .‘14  n\.  p(‘r  100  mg.  ti.s.sue  per  hour  in  the  tissue  incubated 
without  pyruvate  and  to  86  lA.  in  tlie  tissue  incubated  with  pyruvate.  This 
effect  of  pyruvate  on  tlu*  oxygen  consumption  of  ailipo.se  tissue  is  b(‘ing 
inve.stigated  further. 


DISCUSSIOX 

Th('  present  results  confirm  th(‘  ob.servations  of  bynii  and  co-workers 
(10)  and  of  Orth  and  co-workers  (11)  that  adr(*naline  increases  oxyg(*n 
uptake  by  adipo.se  tissue  and  the  observation  of  Cahill  and  co-workers  (12) 
that  adnmaline  increa.ses  glucose  uptake  by  adipose  tissue  incubated  with 
albumin. 
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The  inhil)ition  of  oxygcMi  uptake  by  adrenaline  was  also  observcal  by 
Lynn  et  al.  (10)  and  the  pn'sent  n'sidts  suggest  that  this  may  lx*  due  to 
the  intracellular  accumulation  of  FFW.  That  adrenaline  caus(>s  the  intra¬ 
cellular  accumulation  of  FFA  and  that  this  accumulation  is  smaller  when 
an  FFA  acceptor  such  as  albumin  is  pn'sent  in  the  nu'dium  was  shown  by 
lingc'l  and  co-workers  (IB)  and  has  becm  confirmed  by  us.  There*  is  a  good 
correlation  b(*tween  the  conc(*ntration  of  FFA  in  the  tissue  and  the  in¬ 
hibition  of  oxygen  uptake  by  adrenaline.  Long  chain  fatty  acids  are  known 
to  l)e  potent  uncoupling  agents  (14)  and  to  inhibit  electron  transport  when 
pre.sent  in  high  concentrations  (15)  (lb).  The  possil)ility  exists  that  tlu* 
increase  in  oxygen  uptake  seen  with  adrenaline  under  certain  conditions 
may  be  partly  due  to  an  uncoupling  of  oxidative  phosphorylation  by  FFA. 

The  substrate  oxidized  under  the  influence  of  adrenaline  is,  at  least 
partly,  glucose.  Cahill,  Lc'Boeuf  and  Flinn  (12)  have  shown  that  adrenaline 
increases  glucose  oxidation  in  the  tricarboxylic  acid  cycle  in  adipose*  tissue 
and  apparently  decreases  the  metal)olism  of  glucose  via  the  p(*ntose  phos¬ 
phate  oxidative  pathway.  In  the*  presence*  of  insulin  more*  glucose  is  me- 
tabolize*el  but  the  pathway  is  very  similar  to  that  se'cn  with  aelrenaline* 
alone  (12)  re*sulting  in  an  even  gre*ate*r  oxielation  of  glucose.  The*  pre*sent 
re.sidts  are*  in  agre*ement  with  the*se*  ob.ser  vat  ions.  However,  the  e)xielation 
of  fatty  aciels  cannot  be  e*xcluele*el ;  it  is  known  that  fatty  aciels  are  oxielize*el 
by  aelipo.se  tissue  (17)  (18)  anel  that  aelrenaline  incre*ase*s  fatty  aciel  oxiela¬ 
tion  in  liver  (19)  (20). 

In  previous  publications  it  has  be*e*n  shown  that  growth  hormone 
pre*parations  (9)  anel  glucagon  (21)  also  incre'ase*  the  oxyge*n  consumption 
of  aelipose*  tissue*  anel  with  l)oth  hormones  glucose  is  reepnre'el  for  this  effect. 
Both  glucagon  (22)  (21)  anel  growth  hormone  (2B)  re*le'ase  FFA  from 
aelipose  tissue.  Clearly  there  is  a  re*)ationship  between  increase  in  FFA  re*- 
le*a.se  anel  incre*ase  in  oxyge*n  consumption.  Cahill,  LeBoeuf  and  Flinn  (12) 
leave  suggested  that  the  effects  of  aelrenaline  on  glucose  metabolism  by 
aelipose  tissue  may  be  me*eliate*el  entirely  by  FFA  since  increasing  the  FFA 
content  of  the  tissues  by  adeling  FFA  externally  also  produceel  the  .same 
pattern  of  glucose  metabolism  as  does  aelrenaline. 
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SPIXMFKMTY  OF  THYROXINE  ACTION  OX  OXYGEN 
UPTAKE  OF  KIDNEY  SLK'ES  DURING 
PROLONGED  INCTRATION' 

V.  S.  PITTMAN,  R.  H.  LINDSAY  and  S.  H.  lUUKEU 

Departments  of  Medieine  and  Pliarmacologij,  rniversitu  of 
Alabama  Medical  Center,  Birmingham,  Alabama, 

AliSTHAC'T 

Tlio  effect  of  a  mnnher  of  thyroxine  analofjs  has  ht'cn  evaluatiMl  usinn  kid¬ 
ney  tissue  respiration  during  prolonf^ed  incubation.  Tliyroxine  was  found  to 
l)e  tlie  most  active  eomi)ound  studic'd.  All  substances  with  marked  thyroxine¬ 
like  activity  had  a  skeletal  structure  of  a  diphenyl  ether  with  at  least  three 
substitutions  on  the  ring's.  lo'Io,  methyl,  bromo,  chloro  and  nitro  substitutions 
activated  with  decreasing!;  effectiveness  in  that  order.  Variation  in  the  number 
of  carbon  atoms,  alteration  of  the  optical  confif!;m!‘th)n  of  the  alanine  side  chain 
or  its  replacement  by  a  short-chain  fatty  acid  caused  only  slight  reduction  of  the 
activity  of  an  analog,  as  did  the  replacement  of  the  ether  oxygen  with  a  sulfur. 

The  results  can  be  correlated  with  those  from  in  vivo  exi)eriments  and  suggest 
that  the  thyroxine  effect  on  tissue  respiration  in  this  type  of  system  may  yield 
information  of  value  in  explaining  the  hormon(‘’s  mechanism  of  iiction  in  whoh' 
animals. 

IN  19ot)  Barkt'r  (1)  dovelopc'd  an  in  vilro  system  in  whieli  the  ef'llular 
action  of  thyroxine  (T4)  was  demonstratc'd  by  maintenance,  or  even 
enliancement,  of  oxygem  con.sumption  by  kidney  .slic(*s  during  prolonged 
inciii)ation.  Such  a  system,  being  internu'diate  in  complexity  luTwecm  the 
whole  animal  and  broken  c(*ll  preparations,  otfers  another  tool  for  studying 
the  relationship  between  thyroid  hormones  and  cellular  nndabolism.  With 
some  in  vitro  .sy.stems,  “thyroxine  action”  as  measured  by  enhancement  of 
succinoxida.se  (2),  ascorbic  acid  oxida.se  (3),  or  uncoupling  of  oxidative 
phosphorylation  (4,  o),  can  be  elicit(‘d  by  many  thyroxine  analogs  and 
other  unrtdated  compounds  without  regard  to  their  metabolic  effect  in 
animals.  Ther('for(‘,  wv  hav(‘  compared  the  effects  of  a  number  of  thyroxim* 
analogs  on  the  oxygen  uptake  of  kidney  slices  in  order  to  elucidate  the 
limits  of  stiiii  fural  specificity  for  thyroxine-like  action  in  this  system. 

METHODS 

'I'hc  oxiH'iimcntal  conditions  were  essentially  the*  same  as  those  dcscrib(‘d  by  Lindsay 
and  Ihirker  (0).  Sprague-Dawh'y  rats  weighing  300-400  gr:ims,  at  haist  six  weeks  aft(T 
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tliyroidcctdiuy,  wen*  sacrificed  l)y  exsaiinuination.  Holh  kidneys  were  removed,  cliilled 
and  slic«“s  of  cortex  prepan'd  acconiinfj  to  the  Deiitscl)  technicpie  (7  p.  I3H).  About  (»()  nif!;. 
w»“re  wt‘i>>:lie<l  on  a  torsion  balance  for  each  Warburg  vessel  containing  Krebs'  Ringer 
solution  with  200  nig.%  glucost*  and  O.OIS.M  L-jiroline.  Thyroxine  or  an  analog  was 
tested  at  1.3X10  ^.M  in  3  ml.  of  incubation  medium  at  a  final  pH  of  7.45;  blank  controls 
contaiiu'd  tin*  saim*  (piantity  of  0.005  N  XaOH.  All  solutions  were  added  at  the  .same 
time  just  bidore  incubation  to  insure  ecjual  contact  time  between  the  tissue  and  the  test¬ 
ing  analogs  among  all  vessels. 

.\fter  oxygenation  and  a  15  minut(‘  |)eriod  of  equilibration  at  37°  (',  the  tissue  oxygen 
consumi)tion  was  measuri'd  for  one  hour.  The  vessels  wen*  then  fluslu'd  with  oxygen. 
cai)peil  with  I’arafilm®  ami  stored  at  5°  C  until  the  following  day  when  the  tissue  oxygen 
c(msumi)tion  was  again  measure*!.  This  same  procedure  of  incubation  at  37°  (’  and  cold 

Fig.  1.  Oxygen  consumption  of  kidney 
slices  incubat(‘d  in  Ringer-jiroline-glucose 
solution  with  and  without  thyroxine.  On 
the  left,  the  initial  (^oj  values  are  avcuaged 
for  12  exjieriments.  showing  control  (Hi) 
as  the  plain  bar  and  thyroxine  (T4)  as  the 
cross-hatched.  On  the  right  is  shown  the 
metabolic  activity,  expressed  as  %  of 
initial  Q02.  of  tissue  incubated  in  Hi  anti 
T4  for  1.  2  and  3  days,  as  described  in  the 
text.  The  sum  of  lines  a,  b  and  c  (T4 
‘‘maintenanci'  value”)  was  used  as  the 
100%  T4  reference  activitj'  in  evaluating 
various  analogs. 

st*)rage  at  5°  ('  was  repeatt'd  once  every  24  hours  for  3  days.  Kach  experiment  was  run  in 
(lujilicate  and  was  controlled  by  its  own  blank  and  thyroxine  vessels.  The  tissue  respira¬ 
tion  was  calculated  as  in  fil.  oxygen/mg.  wet  tissue  hour. 

RESULTS 

Kigiun*  1  givc-s  tlio  av(*rago  values  from  12  experiments  with  T4.  As  it 
indicates,  tiu'  T4  enliancenK'nt  of  oxygcm  uptake  by  kidney  tissue  became 
apparent  after  24  liours,  the  initial  Qo,  being  (juite  similar,  4.12  and  8.74 
/il.  mg./hr.  in  the  blank  and  thyroxine  ve.ssels,  respective!}'.  The  respira¬ 
tion  in  the  thyroxine  ve.ssel  rose  to  112%  of  its  initial  Qoj  after  the  first 
day  and  was  still  97%  at  the  end  of  thr(*e  days  while  the  oxygen  consump¬ 
tion  of  the  control  fell  sharply  to  lo%  at  the  end  of  8  days’  incubation. 
In  each  (‘xperiment,  these*  differences  in  oxygen  uptake  (pictured  here  by 
lines  a,  b  and  c)  wen*  consider(*d  as  the  net  T4  “maintenance  effect”  on 
tissue  respiration.  This  summated  value  was  used  in  each  case  as  the  100% 
basis  for  calculation  of  thyroxine-like  activity  of  analogs. 

In  g(*neral,  compounds  lacking  the  diphenyl  ether  skeletal  structure* 
gave  essentially  no  maintenance  of  ti.s.sue  re.spiration  in  this  .sy.stem. 
X-Acetyl-diiodotyrosyl-diiodctyrosine  displayed  15%  of  thyroxine  activ¬ 
ity,  X-(4'-hydroxy-8',5'<iiio<lobenzoyl)-8,5-diiodotyro.sine  18%  and  tetra- 
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iodoplienolplitlialein  0%.  Diiodotyrosine  and  monoiodotyrosine  t^liowed 
7%  and  0%,  respectively. 

Among  tlie  different  iodinated  tliyronines,  thyroxine  was  uniformly  the 
most  active  compound.  The  activity  of  the  analogs  diminished  in  a  regular 
fashion  with  decreasing  number  of  iodine  substitutions  on  the  diphenyl 
ether.  As  shown  in  Table  1,  R,5,8'-triiodothyronine  and  8,3', 5'- 

triiodothyronine  (8,8',.5'-T.8)  both  exhibited  88%  of  T4  activity.  These 
values  are  at  variance  with  observations  in  intact  mammals  in  which 
8,.5,8'-T8  displayed  4-8  times  the  T4  activity  and  8,8',5'-T8  had  no  sig¬ 
nificant  activity  (8,  Pittman  and  Barker,  unpublished  data).  The  lower 


Table  1.  Comparison  ok  maintenance  ok  kidney  slice  metabolism  by  various 

IODINATED  ANALOGS  OK  THYRONINE 


Substitutions  at 

Sulistitutioii  at  1 

.Maiiiiic 

liutyric 

I’roiiionic 

.\cctic 

Formic 

;L5,H',.')'-T(‘traio(lo 

100. O' 

82 . 1 

05 . 7 

82.0 

70 . 4 

:{,o,it'-Triio(lo 

,  82.0 

70.8 

00.8 

:Lit',o'-Triio{io 

'  82.0 

:L5-Diiodo 

42.2 

50.0 

50 . 7 

H,H'-niiodo 

’  58.0 

48.0 

51  .8 

:{-Monoi()(lo 

47.0 

:{,o,3',5'-Tetrahytlro 

4  ..5 

‘  All  figures  are  expressed  as  %  of  thyroxine  maintenance  value. 


value  of  8,o,8'-T3  agrees  with  reports  from  other  ni  vitro  systems  under 
(luite  dissimilar  conditions  (2,  4,  9,  10).  In  our  incubation  system,  the 
thyronines  with  only  two  iodine  substitutions,  the  8,8'-  and  8,5-diiodo- 
thyronine  showed  58%  and  42%  thyroxine  activity.  Thyroniiu',  having 
hydrogen  in  all  four  3,5,8'  and  5'  positions,  showed  an  insignificant  5% 
activity.  A  similar  diminishing  order  of  activity  according  to  a  d(*creasing 
number  of  iodine  substitutions  also  held  true  among  the  fatty  acid  analogs. 

Replacement  of  the  alanine  .side  chain  of  iodothyronines  with  fatty  acids 
from  formic  to  butyric  slightly  reduced  the  thyroxine-like  activity.  In 
general,  these  analogs  exhibited  higher  activity  in  our  in  vitro  system  than 
in  whole-animal  experiments  (10,  Pittman  and  Barker,  unpublished  data), 
although  none  was  more  active  than  T4  itself,  as  was  often  observed  in 
assays  by  tadpole  metamorphosis  (11,  12).  For  example,  by  tadpole  a.ssay, 
8,5,3',5'-tetraiodothyropropionic  acid  (Pr4)  was  reported  by  Money  and 
colleagues  to  possess  8,000  times  T4  activity  while  in  our  laboratory  its 
calorigenic  activity  in  thyroidectomized  rats  was  found  to  be  about  5% 
that  of  T4.  In  our  kidney  incubation  system,  as  seen  in  Table  1,  Piu  and 
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:i,5,R',')'-tctrai()(l()tliyioaceti(*  acid  sliowaal  {)(>%  and  S:j%  of  d'l  activity, 
n'spcctivcly.  I'iitlK'r  l(*n}i;tli(*ning  or  short cninfj;  tli(*  sid(*  chain  hy  one  carl)on 
atom  exerted  no  si}»:nifica!it  (dlV'ct  on  the  activity;  i'yo- 

hutyric  acid  displayial  S2%  activity  and  :ho,:i',r)'-tetraiodotliyroformic  acid 
79%.  Tims,  \vhih‘  the  optimal  length  of  side  chain  still  app(‘ared  to  lu*  2 
or  R  carbon  atoms  in  these*  experiments  with  prolim*,  the  r(*lationship  of 
its  length  to  thyroxine  activity  of  the*  analog  was  not  n<*arly  as  dramatic 
as  was  seen  with  alanine*  as  substrate*,  or  in  the  re*sults  using  whole*  animals 

(13). 

Fie;.  2.  Effect  of  optical  coiifif^uratioii 
and  replacement  of  ether  o.\yf;en  with  sul¬ 
fur  on  thyroxine  and  triiodothyronine 
maintenance  of  kidni'y  slice  metaholism. 
The  activity  of  each  of  tin*  following  com¬ 
pounds  isexi)ressed  as  %  of  the  i.-thyroxine 
(l-T4)  maintenance  value:  n-thyroxinc 
(i)-T4),  ;i,r),3'-triiodo-L-thyronine  (l-T3), 
3,5,3'-triiodo-i)-thyronine  (i)-T3),  3,.T-di- 
iodo-4-(4'-h\dro.\y-3',5'-diiodo-phenyl- 
mercai)to)-nL-phenylalanine(Tlno-T4)  and 
3,.5-diiodo-4-(4'-  hydroxy- 3'- kxlophenyl- 
m(‘rcai)to)-i)L-i)henylalanine  (Thio-T3). 

n-Tliyroxihe  (i)-T4)  has  long  bee*n  known  to  have  only  a  few  pe*rcent  of 
the*  L-T4  calorige*nic  action  in  the  whole  animal  (14),  although  both  optie*al 
isome*rs  were*  founel  eepially  elfective  in  uncoupling  oxidative  phosphoryla¬ 
tion  or  promoting  swe*lling  of  mitochonelria  (10,  15).  Our  system  also 
showe*tl  little  pre*fe*rence  for  any  one  optical  isomer  (Fig.  2) :  d-T4  displayeel 
0S%  as  much  activity  as  l-T4,  and  d-  and  l-T8  82%  and  83%,  re*spectivt*ly. 

H(*placement  of  the  ether  oxyge*n  of  thyroxine*  or  T3  by  a  .sulfur  giv(*s 
rise  to  .3,.5-diiotlo-4-(4'-hyelroxy-3',5'-diioelophenylthio)-pheiiylalaniiu* 
(Thio-T4)  or  3,.5-eliioelo-4-(4'-hyelroxy-3'-ioelophenylthio)-plu*nylalanine* 
(Thie)-T3),  re*.spe*ctive*ly.  In  our  system  (Fig.  3),  Thio-T4  display(*el  88% 
thyroxine  activity  anel  Thio-T3,  84%.  Both  values  approximate  the*ir 
respective  oxyge*n  analogs  anel  agr{*e  with  the  publishe*d  results  obtaine*d 
from  uncoupling  of  phosphorylation  (10)  or  enhancement  of  succinoxida.se* 
(2).  However,  when  Thio-T4  was  assaye*d  using  myxe*dematous  pati(*nts, 
Le*rman  anel  colle*agues  r(*porte*el  no  more*  than  10-13%  thyroxine  activity 
(16). 

The  re*.sults  obtaiimd  from  T4  analogs  containing  chlorine,  bromine, 
methyl  anel  nitro  groups  in  place*  of  ioeline  are  summarizeel  in  Hgure  3. 
Next  to  iodine,  the  methyl  group  was  by  far  the  most  effective  activator 
of  thyronine  molecule:  3,5,3',5'-tetramethyl-DL-thyronine  (Me4T)  showe*el 
92%  as  much  activity  as  T4.  By  BMB  assay,  Me4T  had  no  demonstrable 
calorige*nie*  e*fTect  in  thyroiele*ctomize*el  rats  (17).  Further  comme*nt  will  be* 


Fig.  4.  Effect  of  alkyl  substitutions  at  positions  3', 5'  and  G'  on  3,5-diio(lothyronine 
maintenance  of  kidnej’  slice  metabolism.  Metabolic  activity  on  the  ordinate  is  e.xpressed 
as  %  of  L-T4  maintenance.  .Vt  each  bar  is  shown  the  specific  4-(3',5'-  or  6'-alkyl- 
phenoxy)  grouiJ  to  be  joined  with  3,5-diiodo-phenylalanine  to  yield,  respectively: 
(A)  3',.T'-dimethyl-3,o-diiodothyronine;  (B)  3'-methyl-3,5-diiodothyronine;  (C)  3'-iodo- 
()'-methyl-3,5-diiodothyronine;  (D)  3'-methyl-6'-isoproi)yl-3,5-diiodothyronine;  (E)  3'- 
methyl-4'-deoxy-G'-isoi)ropyl-3,o-diiodoth\’ronine.  Note  that  the  last  compound  is  not 
a  true  thyronine,  .since  it  is  lacking  the  4'-hydroxyl. 
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In  addition  to  tetraincthyl-tliyroniiH*,  just  discussed,  otIuM-  inetiiylated 
thyronines  have  been  evaluated,  all  containing  iodines  in  the  3,5-positions. 
From  Figure  4,  it  is  apparent  that  both  3',5'-dimethyl-  and  3 '-monomethyl- 
3, 5-diiodothyronine  were  fully  as  active  as  Me4T  and  T4  itself.  As  already 
noted,  Me4T  is  inactive  in  vivo,  in  contrast  to  the  positive  results  obtained 
with  the  rnethyl-diiodothyronines  both  in  the  pre.sent  study  (Fig.  4)  and 
in  thyroidectomized  animals  (17).  Metabolic  activity  is  thus  not  .specifically 
dep(Mident  upon  the  pre.sence  of  iodine  in  the  3',5'-positions.  Obvioinsly, 
there  is  some  uni(jue  in  vivo  importance  of  iodine  over  methyl  3,5-substitu¬ 
tion  which  .seems  lacking  in  these  kidney  slice  experiments. 

Th(‘  r(‘sults  presente<l  in  bars  C  and  1)  of  Figure  4  reveal  that  fi'-substitu- 
tion  of  a  methyl  or  i.sopropyl  group  did  not  significantly  alter  the  meta¬ 
bolic  activity  of  3'-iodo-  or  3'-methyl-3,5-diiodothyronine,  re.spectively. 
The  basal  metabolic  rate  n'sponses  of  thyroidectomiz(*d  rats  to  the.se  com¬ 
pounds  have  been  found  blocked  to  a  considerable  extent  by  the  fi'-substi- 
tution  (Shida,  Shimada  and  Barker,  unpublished).  There  is  thus  another 
.sul)tle  difference  between  specific  thyroxine  structural  requirements  in  vivo 
and  in  vitro. 

The  4'-hydroxyl  group  has  b(‘en  considered  necessary  to  enable  T4  to 
act  as  a  chelating  agent  (19,  20).  Blockade  of  the  free  hydroxyl  by  forma¬ 
tion  of  the  methyl  ether  has  been  variously  reported  as  increasing  or  de¬ 
creasing  T4  activity,  probably  becau.se  of  differing  solubilities.  Column  E 
of  Figure  4  shows  that  removal  of  the  4'-oxygen  from  the  fully  active  3'- 
methyl-6'-isopropyl-3,5-diiodothyronine  (D)  completely  abolished  its  in 
vitro  metabolism  maintaining  characteristics.  We  have  obtained  a  similar 
lack  of  activity  in  4'-deoxy-3',6'-dimethyl-3,5-diiodothyronine,  although  it 
is  not  shown  in  the  figure,  since  the  corresponding  4'-hydroxy  compound 
has  not  been  tested.  Jorgensen  (21)  has  reported  detectable  levels  of  T4- 
like  antigoitrogenic  acitivity  in  these  and  related  4'-deoxy  compounds. 
Further  evaluation,  both  in  vitro  and  in  vivo  is  required,  and  the  most 
important  single  compound,  4'-deox3'-T4,  has  not  yet  been  synthesized. 

DISCUSSION 

These  results  evaluating  T4  analogs  on  an  “intact  cell”  preparation,  rat 
kidney  cortex  slices,  lend  further  support  to  the  concept  that  thyroxine 
activity  resides  primarily  in  th(>  structural  moiety  of  a  p'-hydroxy-diphenyl 
ether  with  two  or  more  halogim  or  small  alkyl  .sub.stitutions  on  the  rings. 
Aside  from  a  few  outstanding  discrepancies  which  are  discussed  below,  our 
results  g(*nerally  paralleled  the  observations  from  whole  animal  assays, 
although  the  relative  effects  on  tis.sue  respiration  tend  to  be  greater. 

It  has  been  suggested  that  the  greater  activity  shown  by  T3  over  T4  in 
intact  animals  corresponds  to  its  weaker  bond  with  the  thyroxine-binding 
proteins  of  plasma  and  hence  its  greater  ease  of  entry  into  the  cells  (22,  23). 
This  view  is  supported  by  Newcomer  (24)  and  by  Tata  and  Shellabarger 
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(25)  who  found  that  in  domestic  fowl  wliose  plasma  lacked  specific  thy¬ 
roxine-binding  proteins,  T4  and  T8  showed  similar  biological  half-li\  es  as 
well  as  equal  calorigenic  activity.  A  comparable  situation  probably  existed 
in  our  incubation  system  in  which  a  medium  originally  free  of  protein  was 
employed.  Although  some  “leaking”  of  tissue  protein  can  be  shown  to 
occur  during  incubation  of  kidney  cortex  slices,  .such  loss  is  not  great  and 
it  is  que.stionable  that  the  effective  tissue  concentration  of  T4  and  T8  could 
be  altered.  As  a  re.sult,  there  was  no  enhancement  of  T.8  activity  over  that 
of  T4. 

On  the  other  hand,  8,8',5'-T8,  known  to  have  no  significant  calorigenic 
action  in  vivo,  here  display(‘d  activity  equal  to  T8.  Taken  in  conjunction 
with  the  lower,  but  appreciable  activity  shown  by  other  partially-iodinated 
thyronines  (Table  1)  as  well  as  tho.se  carrying  bromine  or  chlorine  (Fig.  .8), 
these  findings  point  to  a  considerable  variety  of  responsivcMiess  of  the  in 
vitro  .system  to  substitutions  at  .8  and  5  on  the  “inn(*r”  ring  of  the  dephenyl. 
The  situation  was  comment('d  on  earlier  with  reference  to  tetramethyl 
thyronine,  inactive  in  vivo,  but  fully  as  effective  in  vitro  as  T4. 

Dunne  and  Tapley  (20)  studied  the  oxyg(‘n  consumption  of  a  numlx'r 
of  excised  tissues  from  rats  pn'viously  tr{'at('d  with  i)-T4  and  reported 
that  while  the  Qoj  of  liver  and  kidney  slices  showc'd  a  definite  ri.se  over  their 
control  values,  no  change  of  Qoj  was  ob.served  in  heart  or  diaphragm.  This 
lack  of  enhancement  of  the  respiration  of  striat('d  muscles,  which  in  rats 
contribute  approximately  50%  of  the  total  body  weight,  was  used  by  thes(‘ 
workers  to  explain  the  low  calorigenic  effect  of  d-T4  in  whoh*  animals  and 
the  equal  activity  of  both  optical  i.somers  of  T4  under  in  vitro  conditions 
as  observed  in  our  systems. 

The  foregoing  discu.ssion  reminds  one  of  the  fact  that  in  a  living  animal, 
analogs  of  closely  ndated  structure  may  be  handled  very  differently  by  a 
multitude  of  normal  physiological  proce.s.s(‘.s  such  as  absorption,  trans¬ 
port,  degradation  and  excr(*tion,  whose  relative  influence  on  the  effective 
tissue  concentration  of  the.se  analogs  must  change  under  in  vitro  conditions. 
This  is  clearly  reflected  by  the  discrepancies  in  the  relative;  activity  of 
thyroxine  analogs  when  assayeal  by  systems  of  varied  complexity  and  such 
discrepancies  can  be  reconciled  only  when  we  have  more  detailed  informa¬ 
tion  about  the  metabolic  pathways  of  these  compounds.  Our  kidney  slice 
system  being  intermediate  between  the  whole  animal  and  broken  cell 
preparations  has  given  re.sults  intermediate  between  the  two  experimental 
conditions.  They  suggest  that  it  may  evimtually  be  possible  to  obtain 
g(*nuinely  n'vealing  insight  into  the  .specific  mechanism  of  T4  action. 
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Previous  studies  on  the  efi'eet  of  growth  hormone  on  fixation  in  eartilane 
liave  lieen  ('xtenchal  to  learn  more  about  this  rc'action  and  to  ai)ply  it  as  a  pos¬ 
sible  assay  for  >!;ro\vth  hormone.  It  had  been  noted  that  inereased  dosages  of 
{growth  hormone  were  aeeompanied  by  inereased  levels  of  S“  ineori)orat(‘d  into 
eostal  eartihiffe  of  the  hypophyseetomized  rat. 

The  duration  of  treatment  lU'cessary  to  |)roduee  a  si>?nifieant  stimulation  in 
S'*'’  uptake  was  4S  hours.  Results  after  four  days  of  treatment  were  nearly  max¬ 
imal.  'Phe  effeetive  biolonieal  life  of  eireulatin}>;  j^rowth  hormoiu'  as  measured 
by  the  ineorporation  of  in  eartilas*'  is  from  24  to  48  hours.  The  disajjpear- 
anee  eurvt*  refleetiu}?  the  metabolic  activity  of  containiiif^  compounds  in 
cartilage  closely  ai)proximates  the  previously  reimrted  half-life  of  radio- 
chondroitin  sulfate,  that  i.s,  seventeen  days.  The  use  of  human  serum  as  a 
vehich'  for  f^rowth  hormone  produces  no  modification  of  its  action,  whih'  the 
use  of  ten  pc'reent  ffelatin  as  a  vehich'  rc'sults  in  a  slight  (h'crease  in  S'*’’  binding!;. 

The  subcutaneous  route  of  administration  of  tin'  hormone  is  as  effeetive  as  tlu' 
intraperitoneal  route. 

Hydrocortisone  inhibits  S“  fi.xation  to  about  one  half  of  the  level  noted  in 
control  animals.  Hydrocortisone  also  inhibits  the  stimulatory  action  of  fjrowth 
hormone,  and  conversely  {growth  hormone  antagonizt's  the  action  of  hydrocor¬ 
tisone.  (’ortisone  and  9-fluohydrocortisone  behave  similarly  to  hydrocortisoiu' 
in  n'duciuf!;  S’’*  incorporation  into  cartilage  and  in  reducing!:  the  increase'  in  body 
weight.  Hydrocortisone'  hemi-succinate  anel  te'trahyelreie'ortiseme  hael  nei  neetabh' 
e'ffect  e»n  the'se'  jueee'e'sse's. 

1  PREVIOUS  studios  liavo  donionstratod  that  growth  hormoiu’  onliancos 
i.  tho  uptake  of  S'**  hj'  the  costal  aud  xyplioid  cartilages  and  l)y  the 
tibial  cap  of  tlie  liypophy.s<‘ctoniized  rat  (1,2,  .‘1).  This  proce.s.s  i.s  pre.sum- 
id'ly  intimately  related  to  the  long-known  chondrotrophic  properties  of  the 
fiiowth  hormone  as  recognizeel  morphologically  (4).  The  present  report 
('vie'Uels  our  description  of  tlu'  eflects  of  growth  hormone  in  respe'ct  to  the 

Ite'ee'ive'el  .January  80,  19(11. 

Weak  eleme'  elurins  the'  fe'uure'  eif  a  peist-ehee-teenil  felleewship  eef  the'  .\rthritis  :ind  Hhe-u- 
1:  tism  Femndatieui,  19r).5.  Pre'se'iit  .Velelre'ss:  Rhe'umate)le)ny  Divisieen,  Ohiet  State'  I'ni- 
dty  He'alth  ('enter,  ('edumbus  10,  Oliio. 
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time  at  which  the  increment  in  binding  begins,  the  time  of  maximun 
influence  of  a  constant  dose  of  growth  hormone  and  the  duration  of  in 
fluence  when  the  growth  hormone  administration  is  stopped. 

Since  cortisone  and  hydrocortisone  have  been  shown  to  interfere  witl 
the  response  of  several  tissues  including  cartilage  to  the  growth  hormone 
this  effect  is  studied  in  terms  of  S^®  incorporation.  A  generalized  decr(‘as< 
of  S®^  fixation  in  tissues  has  already  been  noted  in  radioautographs  of  rat 
that  have  received  cortisone  systemically  (5)  and  a  decreased  binding  o 
S*®  has  been  observed  in  rat  cartilage  in  vitro  when  cortisone  was  addeu 
to  the  medium  (6). 

Chondroitin  sulfate  is  the  chief  repository  of  accumulated  S**  in  cartilag( . 
although  it  may  not  be  the  only  one  (7,  8,  9).  Degradation  curves  of  th<* 
material  deposited  under  the  influence  of  growth  hormone  in  hypophy- 
sectomized  rats  are  given  as  is  their  comparison  to  those  of  radioactive 
chondroitin  sulfate. 

Since  the  sensitivity  of  any  response  to  the  growth  hormone  is  of  interest 
to  those  conceriK'd  with  assay  possibilities  and  since  a  dose  response  curve 
is  necessary  both  for  assay  and  for  comparison  with  other  growth  responses 
a  preliminary  dose  response  curve  for  uptake  is  includ(*d.  In  view  of  the 
spread  of  individual  responses  a  final  decision  on  the  usefulness  of  this 
method  cannot  be  undertaken  now.  The  suitability  of  human  serum  as  a 
vehicle  for  growth  hormone  was  studi(*d  as  was  the  effect  of  a  gelatin 
vehicle.  The  influence  of  route  of  administration  of  hormone,  subcutaneous 
or  intraperitoneal,  was  also  investigated. 

EXPERIMENTAL 

Modifications  of  the  original  i)ro(‘edure  (2)  were  made  for  various  jjhasos  of  study. 
Young  female  rats  were  used  as  e.xperimental  animals.  Hypoj)hyseetomy  was  done  :it 
age  22  days,  shortly  after  weaning.  Litter  mates  served  as  controls.  Animals  were  usually 
used  experimentally  on  the  fifth  day  post-operativel}'.  In  studies  on  the  duration  of  treat¬ 
ment  with  growth  hormone  necessary  to  produce  stimulation  of  binding  in  cartilage 
the  animals  were  used  experimentally  on  the  fourteenth  day  post-operatively.  In  this 
experiment  and  in  the  dose-response  study  the  animals  received  radioactive  sulfur  in 
10  fiv  doses  in  saline  while  all  other  experiments  were  done  with  5  nc  doses.  Correspond¬ 
ingly  in  animals  receiving  o  fxe  of  8’^  the  carrier  sulfate  was  decreases!  hj-  one  half  using 
n  ml.  of  0.()5N  Na2804  and  .3  ml.  of  O.oN  BaCb.  The  growth  hormone  used  was  Armom  , 
Lot  41 1032R.  The  radiosulfur  was  obtained  from  Oak  Ridge  National  Laboratories,  ():ik 
Ridg(“,  Tennessee,  as  carrier-free  sulfate.  All  experiments  were  repeated  at  least  thii'* 
times. 

Hormone  solutions  were  made  in  convenient  concentration  so  that  the  recpiired  do  - 
ag«‘  could  be  administered  in  volumes  of  0.5  or  1.0  ml.  The  steroids,  hydrocortisone  a(  - 
tate,  cortisone  acetate  and  tetrahydrocortisone,  were  administered  in  saline  suspensio  . 
llydrocortisone-hemissucinate  was  dissolved  in  saline.  Control  animals  received  salii  ‘ 
(‘(pial  in  volume  to  that  of  the  corresj)ouding  hormone  s«)lution  being  tested.  Grow  i 
hormom*  was  also  dissolved  in  human  sera,  100  jag  in  0.25  ml.  and  in  10%  gelatin  sob  - 
tion.  Control  animals  received  corresponding  volumes  of  the  vehicle  in  these  stmlies. 

In  experiments  involving  the  duration  of  treatment  necessary  for  growth  hormo  • 
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tinmlation  aii<l  in  the  dose-rosponso  study,  animals  were  saerifieed  4S  liours  after  tin* 
;st  dose  of  sulfur  and  growth  hormone.  Suitable  tissues  were  removed,  eleaned  and  dried 
I  air  before  ashing.  In  the  other  experiments  animals  were  saerifieed  24  hours  after  the 
■;t  dose  of  hormone  and  sulfur.  Tissues  were  proeessed  similarly  and  radioaetivity  deter- 
ined  on  the  basis  of  wet  weight  of  the  tissues.  Costal  eartilage  and  tibial  caps  were 
udied  in  all  groui)s,  although  oidy  the  costal  cartilage  data  are  presented  in  the  graphs, 
dually  three  samples  of  costal  cartilage  were  obtained  from  each  animat  and  the  aver- 
;e  of  these  figures  was  used.  However,  in  the  growth  hormone-dose  response  experi- 
cnts  groU])s  of  three  to  five  rats  are  combined  at  each  dose  level  with'ttie  average  figure 
r  the  grouj)  being  used.  C'ardiac  muscle  was  examiiu'd  repeatedly  as  a  check  against 
iiitamination  with  extraneous  radiosulfate.  C’orrection  was  made  for  radio-deeay  of  S^'*. 

In  the  study  of  the  duration  of  effect  of  circulating  growth  hormone  the  animal.s 
I  ceived  one  dose  of  15  /xc  at  varying  periods,  24,  48,  72  and  9(1  hours  after  the  last 
(i  'se  of  growth  hormoiu'.  In  the  study  of  the  rate  of  disappearance  of  radiosulfated  com- 
j  Miinds  in  cartilage,  animals  were  observed  for  a  period  of  twenty-one  days. 

Our  determinations  of  concentration  were  always  made  at  least  24  hours  after  the 
l.  't  injection  of  the  isotope.  Thus  no  information  was  obtained  on  the  influence  of 
growth  hormone  on  mon'  labile  substanees.  Only  the  behavior  of  the  more  stable  com¬ 
pounds  retaining  for  at  least  24  hours  can  be  compared  with  that  of  chondroitin 
>iilfatc. 


RESULTS 

The  Duration  of  Growth  Hormone  Treatment  N^eeessary  to  Produce  Stimula¬ 
tion  of  Fixation  in  Cartilage 

'riien*  was  no  noticeabU*  ofTect  on  fixation  in  cartilagio  following  a 
.single  injection  of  100  mK  of  growth  hormone.  Growth  hormone  given  at 
the  level  of  100  /xg  per  day  for  two  days  produced  a  notable  two-  or  tlinn*- 
fold  stimulation  of  fixation  in  the  costal  cartilage  of  the  hypophy.sec- 
tomized  rat  (Fig.  1).  In  threu'  days,  the  effect  was  more  mark(*d.  Treatment 
for  four  days  produced  an  effect  that  was  somewhat  higher  than  that  ob- 
s('rv('d  after  treatment  for  three  days  and  practically  as  high  as  that  ob- 
.served  in  animals  treated  for  eight  days.  Animals  receiving  S'*’  and  growth 
hormone  for  eight  days  had  S'*’’  fixation  slightly  higher  than  the  animals 
tn'ated  for  four  days.  The  plateau  of  growth  hormone  effect  at  this  do.se 
l(‘vel  is  evid(‘ntly  rc'ached  in  about  four  days.  Increa.ses  in  body  weight 
were  noted  also  during  the  p(“riod  of  growth  hormone  treatment.  Growth 
hormone-treat(‘d  animals  gained  an  approximate  average  of  2  gm.  per  day, 
while  the  untreated  controls  gained  an  average  of  l(‘ss  than  1  gm.  per  day 
(luring  the  experimental  p('riod. 

Duration  of  Effeet  of  Circulating  Growth  Hormone 

Growth  hormone  remained  effective  in  the  circulation  of  the  hypophy- 
>  ctomized  rat  approximately  24  hours  after  administration  as  determined 
1  '  its  effect  on  stimulating  S®"  fixation  in  costal  cartilage  (Fig.  2).  This 
(  'ect  is  practically  absent  48  hours  after  the  last  injection  of  growth 
1  umone  indicating  a  relatively  short  biological  life  for  the  circulating 
}.  owth  hormone.  The  combined  effect  of  metabolism  and  excr(‘tion  of  tlu; 
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CONTROL  GROWTH  HORMONE 


DAYS  OF  TREATMENT 

I’k;.  1.  Duration  of  hormono  troatmont  nocossary  to 

stimulate'  fixation.  (Di'uko  and  Hi'rficiistal.) 

hormoiK*  cannot  fiirtln'r  lx*  clncidattul  by  tlu'so  data.  The  incn'ast*  in  woifrht 
of  th(‘  animals  noted  during  tlu'  period  of  growth  hormone  activity  did  not 
persist  after  the  growtli  hormom*  tn'atment  was  terminat(*d. 

The  Disap  pen  ranee  Rate  of  S^-‘  Bearing  Vomponnds  in  ('artilage 

The  di.sappearanc(‘  rate  of  containing  compounds  in  the  cartilage  is 
not  influenc(‘d  ntaterially  by  prior  treatment  of  liypophy.sectomizt'd  rats 


CONTROL  GROWTH  HORMONE 


Fig.  2.  Duration  of  effort  of  oirculatinK  growth  liormono  on 
fixation.  (Denko  and  Borgonstal.) 
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i  1(1.  3.  l)isai)iM‘araiic('  curve  of  S’’  coinjxiunds  in  caitilaf-ic.  (Ocnko  and  Bcif'cnstal.) 

with  growtii  hornioiu'  (Fig.  R).  Tlic  .slopo  of  thi.s  curvo  in  growth  hormoiie- 
lr(‘at(‘d  animals  is  similar  to  the  slope  of  the  curve  observed  in  the  un- 
tn-ated  or  control  animals.  Disappearance  curves  of  S^’-compounds  in 
cartilage  of  animals  receiving  treatment  for  an  eight  day  period  w(*re  sim¬ 
ilar  to  tho.se  curves  reflecting  the  di.sappearance  of  S®’  compounds  in 
cartilage  of  animals  receiving  the  four  day  treatment.  The  spr(*ad  in  indi¬ 
vidual  animal  values  is  such  that  only  these  general  observations  can  be 
made  with  these  data. 

The  Effect  of  Increasing  Groxeth  Hormone  Dose  on  »S'^"  Fixation 

In  animals  n-ceiving  increasing  do.ses  of  growth  hormone  there  is  an 
increasingly  gre-ater  fixation  of  S'*’  in  the  cartilage  (Fig.  4).  The  response  to 
increased  dosage  approximates  a  straight  line  in  the  dosage  range  of  0  to 
1000  /xg.  There  is  considc-rable  variation  in  animal  response  in  the  lowest 
(loses,  below  5  /xS* 

The  Effect  of  Route  of  Administration  and  Vehicle 

Subcutaneous  injeetion  of  growth  hormone  in  saline  producx-d  results 
s'inilar  to  tho.se  ob.servc-d  in  animals  that  received  intraperitoneal  injec- 
t’ons  of  growth  hormone  and  S*’.  The  use  of  10%  gelatin  as  a  vehicle  for 
gowth  hormone  and  administration  was  of  no  practical  value.  xVnimals 
that  were  given  hormone  dissolved  in  gelatin  had  a  somewhat  lower  fixa- 
1  on  of  in  the  cartilage  than  did  tho.se  given  hormone  in  saline.  The 
>  nnulation  of  weight  gain  was  somewhat  greater  in  animals  receiving 
g  owth  hormone  in  saline  than  that  in  animals  rxiceiving  growth  hormone 
(’  ^solved  in  gelatin. 

When  growth  hormone  was  dissolved  in  human  plasma  and  injected 
i  traperitoneally  in  do.ses  of  100  /ug  in  0.25  ml.  of  plasma  there  was  no 
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COUNTS  /  MIN.  /  100  mg  CARTILAGE  X  10  3 


Fig.  4.  Tlio  effect  of  inerea.^iiiig  growth  hormone  on 
fixation  in  cartilage.  (Denko  and  Bt'rgenstal.) 


Tabi.k  1.  Thk  effect  of  iiydrocortisoxe  ox  the  S“  fixation  in  the  costal  carti¬ 
lage  OF  I'NTREATEI)  AND  GROWTH  HORMONE-TREATED  H YPtHMIYSECTOMIZED  RATS 


.\ni- 

mals 

Group 

I  )o.se  lig  j 

i 

c.p.m.* 

Significance 

of 

comparisoii 

0 

C — Control 

745  ±  225 

P<0.0l 

i:i 

IIC^  Hydrocortisone 

2.T-100  i 

400  ±127 

(!H— Growth  Hormone 

50 

4,48711,045 

P<0.0 

5 

GH4-HC 

GH-50-hHC— 100 

1,455  1799 

14 

5 

1 1 C —  1 1  vdrocortisone 
HC+GH 

2.5-100 

HC  -100-l-GH— 50 

i  390  1 127 

j  1,4551799 

P<0.0 

c.p.m.- -counts  per  minute  per  100  mg.  cartilage. 
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otable  difference  in  the  response  of  costal  cartilage  in  fixing  S'*"  when 
Dinpared  to  animals  receiving  100  jxg  of  growth  hormone  dissolved  in  saline. 

'he  Effect  of  Steroids  in  Fixation  in  Cartilage  and  on  the  Groieth  Hormone 
timulation  of  S^'^  Binding  in  Cartilage 

In  animals  receiving  hydrocortisone  there  was  a  mark('d  reduction  in 
'-le  fixation  of  S*"  in  the  costal  cartilage  (Table  1).  The  ipean  values  of 
uptake  in  animals  receiving  25  to  100  pg  of  hydrocortisone  acetate 
’.tnged  from  ^  to  5  lower  than  the  mean  values  in  control  animals.  The 
1  ihibitory  effect  of  hydrocortisone  is  pronounci'd  in  its  effects  on  the 
imulatory  action  of  growth  hormone  on  S*"  fixation.  In  fact  in  some 
a.iimals  the  values  were  lowered  to  values  ol)tained  in  the  untreated  con- 
tiol  animals.  The  stimulatory  action  of  growth  hormone  counteracts  the 
inliibitory  effect  of  hydrocortisone.  Animals  receiving  cortisone  in  2.5  mg. 
(loses  also  had  a  marked  reduction  in  S’*"  incorporated  into  the  cartilage. 
l)-Fluoro-hydrocortisone  in  100  /xg  also  caused  an  inhibition  of  the  S*" 
binding.  Tetrahydrocortisone  had  no  effect  on  the  S'*"  uptake  as  did  the 
lu'misuccinate  of  hydrocortisone,  both  given  in  dos('s  ranging  to  1000  /xg 
daily. 

The  catabolic  effect  of  100  /xg  of  hydrocortisoiu'  on  wt'ight  gain  is  reflected 
by  the  weight  lo.ss  of  3  gm,  rat  not(‘d  during  the  experimental  p(‘riod  of  4 
(lays.  Control  animals  gained  two  grams  while  the  growth  hormone-  and 
hydrocortisone-treated  animals  gaim'd  approximatx'ly  the  same  increnuMit 
as  the  rats  receiving  only  growth  hormone.  Thus,  while  the  weight  gains 
of  growth  hormone-treat(‘d  animals  are  oidy  slightly  or  inconclusively 
H'tarded  by  hydrocortisone,  the  inhibitory  effect  of  hydrocortisone  on  the 
sulfur  binding  of  their  costal  cartilage'  is  much  more  dramatic  than  the 
(‘ff(‘ct  on  weight  gain. 


DISCUSSION 

(Irowth  hormoiK*  appears  to  be  relatively  short-liv(‘d.  Investigators  us¬ 
ing  the  width  of  tibial  epiphyseal  cartilage*  as  a  measure*  of  growth  hormone* 
have  studieel  the  concentration  in  the  plasma  of  hypeiphysectomizenl  rats. 
TIk'v  estimate  only  one-thirel  of  the  inject(*d  do.se*  ewilel  be  founel  imm(*di- 
ately  afte*r  injection.  The  biological  half-life;  of  growth  hormone*  was  re*- 
pi'iteel  to  be*  only  40  minutes  following  the*  intrave'nous  injection  of  a  single 
dose  of  growth  hormone  (10). 

By  isolating  S®"-containing  chonelroitin  .sulfate  from  the  cartilage  of 
a'limals  that  had  received  injections  of  inorganic  S*®-sulfate,  Bostrom  note*el 
tliat  over  a  perioel  of  17  elays  the  amount  eif  raelioactive  chondroitin  sul- 
h  'e*  iiael  droppe'el  te)  one'-half  of  the  leved  observenl  originally  (9).  This 
P'  rieid  eif  17  elays,  terme*d  the  half-life  of  chondroitin  sulfate,  reflects  a 
C(  'iiplex  proce*.ss  .summarizing  synthe;sis  anel  re-utilization  of  sulfur  as  well 
a  degradation  of  the  ob.served  radioactive  compounel  in  a  stable  system. 
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Tlie  theoretical  disappearance  rate  curve  for  radiochoiidroitin  sulfati*. 
i.e.,  loss  of  one  half  of  the  radioactivity  in  17  days,  is  ol)serv(*d  to  approxi¬ 
mate*  our  exp(*riniental  disappearance  curve.  This  indicates  that  the  com¬ 
pounds  formed,  when  8’^  is  incorporate'd  into  the*  cartilaf^e,  are  larseOx 
chondroitin  sulfate  or  behave  like  chondroitin  sulfate*.  More*  than  one 
compounel  containing;  raeliosulfate*  may  he  pre*se*nt. 

(Irowth  hormone*  appare*ntly  eloe's  not  alte*r  the*  funelame*ntal  nature*  eel 
the*  S^M'ontaining  compounds  forme*el  in  cartilage*  since*  both  the*  untre*ate*(i 
anel  tre*ate*el  animals  hael  similar  disappe*arance  rates.  (Irowth  hormone*  ap- 
pe*ars  to  incre*ase  the*  rate  of  formation  of  the  raeliosulfate*el  compe)unel' 
much  more*  than  it  incre*ase*s  the*  rate*  of  we*ight  incre*ase  of  the*  animal. 

The*  turnove*r  or  elisappe*arance*  curve*  re*pre*se*nts  a  complex  proe*e*ss  in- 
vedving  most  like*ly  at  le*ast  the*  proce*sse*s  of  synthe*sis  anel  ele*graelation.  Xe't 
synthe*sis  of  raeliosulfate  compounels  occurs  when  the*  .synthetic  or  anabolie- 
operation  is  preelominant  while*  elegraelation  occurs  whe*n  the  ele*graelativ( 
or  catabolic  ope*ration  is  pivelominant.  The  primary  alteration  in  the  turn¬ 
over  proce*.ss  may  be*  elue*  to  an  incre*ase*  in  the  net  .synthe*sis  of  raeliosulfate 
compounels.  .\  more*  e*xact  eletermination  of  the*  site*  of  action  in  re*lation 
to  the  synthe*tic  proce*.ss  is  not  possible  at  this  time*.  A  numbe*r  of  me*cha- 
nisms  may  be*  implicate*d,  e.g.  an  incrf*a.se*  in  utilization  of  the*  mole'cular 
components  of  chonelroitin  .sulfate*  or  an  incre*a.se*  in  the*  mass  of  the*  enzyme 
.system  re*.spe)iisible*  for  synthe*sis. 

The  e*tfect  of  hyelre)corti.sone*  on  S*-’  incorporation  in  cartilage*  may  be 
due  to  decre*a.se*el  synthe*sis  of  raeliosulfate*-compounds  or  an  incre*a.se‘d 
de*graelation  of  this  material  or  pe*rhaps  to  both  proce*.s.se*s.  In  hyelreK*orti- 
sone*  tre*ate*ei  animals  a  ele*cre*a.se*el  .synthe*sis  is  more*  like*ly  sine*e*  at  no  time> 
wore*  vahie*.s  founel  that  approximate'el  the  value*s  in  control  animals.  The 
inhibitory  action  of  hyelrocorti.sone  on  8*^  bineling  in  cartilage*  re*mains 
cle*ar  as  eloe*s  the*  marke*el  inhibitory  e*ffe*ct  on  the  stimulation  of  8*’  uptake 
provide*d  by  growth  hormone*.  Conve*rsely  the*  stimulatory  e*fTe*ct  of  growtli 
hormone  on  this  proce*ss  e*ounte*racts  the*  activity  of  hyelrocortisone*  in 
ele*cre*asing  8*®  fixation. 

The  steredds  of  the  corti.sone*  family,  name*ly  corti.sone*,  hydroe‘orti.se)ne. 
anel  9-fluorohyelroe*ortisone*,  interfere*  both  with  8*‘’  bineling  proe‘e*ss  anel  wit  !i 
incre'ase  in  boely  weight.  Tetrahyelrocortisone*,  the*  me*tabolic  product  e)f 
cortisone*  ele*graelation  in  the*  be)ely,  was  founel  to  be  without  e*tTe*ct.  Tlie 
hemisuccinate  of  hyelrocortisone  was  also  without  effect.  Perhaps  this  e-on  - 
pound  is  excrete*d  too  rapielly  to  proeluce  a  eletectable  effect  or  it  may  mU 
be  bound  by  the  .serum  proteins  anel  circulate*d  to  e*ffe*ctive*  site*s  of  actioe. 
It  may  not  be  hydrolyzed  sufficiently  to  make*  the*  hyehwortisone*  e*ffe*e*tiv! . 

8ince  an  increa.se*  in  8®'’  fixation  oce*urs  with  an  ine*re*a.se  in  elo.sage*  <  f 
growth  hormone  it  may  be*  possible*  to  aelapt  this  te*chnique*  for  as.sayin  t 
growth  hormone*  e*.spe*cially  in  the*  higher  conce*ntration.s.  Unfortunate*! 
the  greatest  variation  in  results  occurs  in  the  lowest  elose  levels  stueliet  . 
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>olo\v  5  mR»  docroasing  tho  sensitivity  of  this  tochniciue  in  detecting 
o\v  lev(*l  material.  At  liigher  hovels,  10  /ug  or  more,  there  is  a  mark('d 
limulation  of  S'’-’  incorporation. 

Mor(‘  work  must  lu'  dom*  to  rule  out  the  influema*  of  intc'rhuing  eom- 
ounds  in  materials  that  may  he  subject  to  assay.  A  summary  of  puhlislu'd 
iivestigations  of  the  effects  of  other  hormones  on  S'*"  incorporation  in 
ostal  cartilage  reveals  that  thyro.xine  (11)  and  testosterQiU'  propionate 
12)  stimulate  radiosulfate  incorporation  while  cortisone  (h)  and  hydro- 
ortisone  (R,  12)  inhibit  this  activity  of  the  cartilage*.  Xo  stimulatory  ('fleets 
.  f  thyroid  stimulating  hormoiu'  wcua*  notc'd  on  studies  utilizing  thyro- 
iiophin  (2).  Large  dosc's  of  prolactin,  one  unit  or  more*,  have  been  shown 
i.)  increase*  ra(lio.*<ulfur  fixation  in  cartilage  (El),  while  small  dose's  of  pro¬ 
lactin  do  not  (El,  14),  nor  doe's  ICSII,  interstitial  cell  stimulating  hor¬ 
mone,  (14)  or  FSII,  follicle  stimulating  hormone,  (14).  A  direct  comparison 
of  the  S®"  incorporation  method  with  that  of  the  tibia  assay  indicates  that 
tiie*  radiosulfate*  uptake  assay  is  more  precise  and  specific  than  the  tibia 
assay  (lo). 

A  wide  variety  of  biochemical  .systems  have  been  reporte'd  influence'd 
by  growth  hormone.  Only  the  over-all  resultant  effect  can  be  evaluate'd 
>inc(*  the  .spe'cific  action  or  actions  influencing  the  biochemical  indicator 
system  has  not  be'en  ide'iitifie'd.  How('V(*r,  the  various  mechanisms  or  en¬ 
zyme  systems  involve'd  in  the*  radiosulfate  incorporation  ivactions  are* 
sensitive  and  re'spond  me'asurably  within  a  matter  of  4(S  to  72  hours  to  the 
influe'uce  of  growth  hormone  and  thus  might  be  us(*d  as  an  inde'x  of  activity 
of  growth  hormone  in  rats. 
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ABSTRACT 

Klasin()l)ranchii,  niali‘«  as  well  as  females,  vouiik  and  old,  normally  possess(*d 
hifjli  eoneentrations  of  ealeium,  9.0  ±3.8  meq.  L  in  the  serum.  The  level  of  cal¬ 
cium  in  the  serum  was  indei)endent  of  variations  in  the  blood  pC'O..  total  CO2, 
H('()3~,  pH.  total  ionic  strength,  individual  major  electrolytes,  total  phosphate, 
inorganic  |)hosphate,  phosi)holipid,  citric  acid,  urea,  or  alkaline  i)hosphatase 
activity.  The  protein  in  the  blood  was  relatively  low  in  concentration,  4.8 +  1.8 
meq.  L,  had  the  chemical,  electroiihoretic,  and  ultracentrifugal  j)roperties  of 
globulin,  and  showed  the  capacity  to  bind  4  mM  of  calcium  per  100  gm.  .Vj)- 
proximately  7o%  of  the  calcium  (7.o±l  imaj.  L)  was  ultrafilterable;  approxi¬ 
mately  8.5%  (0.2  ±1.5  meq.  L)  of  the  calcium  in  the  ultrafiltrate  was  j)hysio- 
logically  active  calcium  ion  as  measured  by  p(‘rfusion  of  the  heart  of  the  shark; 
appr<*ximately  93%  (7.0  ±  1.5  me(j.  L)  was  i()nized  as  measured  by  the  murex- 
ide  method.  The  level  of  inorganic  phosjjhorus  was  ai)i)roximately  2.0 ±0.8 
me(i.  L;  only  80%,  presumably  due  to  serum  protein  binding  of  i)ho.sphate, 
was  ultrafilterable.  The  prfaluct  of  the  ioniz<‘d  calcium  and  diffusible  inorganic 
l)hos|)hate  was  twice  that  found  in  serum  of  bony  vert*‘brates.  The  physical 
anil  chemical  factors  responsible  for  the  high  degree  of  supersaturation  with 
ri'spect  to  calcium  phos])hate  in  ultrafiltrates  of  serum  require  further  investi¬ 
gation.  Slices  of  cartilage  from  rachitic  rats  incubated  in  ultrafiltrati's  produced 
dense  calcification.  The  calcium  deposits  in  the  cartilages  of  the  elasmobranch 
consisted  of  an  apatite  mineral,  having  a  C’a/P  molar  ratio  of  1..52  . 

SOM  10  400  niillioii  years  ago,  in  the  eourse  of  evolution,  an  ancient 
cartilaginous  form  gave  rise  to  the  Klasmobranchii  of  the  present  day. 
These  fishes  are  among  the  most  succe.ssful  of  modern  vertebrate  animals. 
The  class  Chondrichthyes,  to  which  they  belong,  is  important  because  the 
embryos  of  all  higher  animals,  including  man,  must  pass  through  a  stage 
of  development  of  shark-like  branchial  clefts  and  aortic  arches. 

Modern  sharks,  skates  and  rays  possess  enamel,  dentine,  and  calcified 
cartilage,  but  no  bone.  An  analysis  of  the  composition  of  the  blood  am! 
calcium  depo.sits  in  the  spine  of  these  fishes  reflects  the  course  of  evolution 
of  the  physiologic  function  of  the  skeleton.  This  communication  will  pn- 
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ELASMO- 

SEA  BRANCH  TELEOST  BIRD 

WATER  ( SAND  shark)  (BASS)  (ROOSTER)  MAN 


Fig.  1.  Diagrammatic  representation  of  the  composition  of  the  electrolyte  in  sea 
water  and  serum  of  an  elasmohraneh  compared  with  serums  of  various  higher  verte- 
hrates.  Animals  with  bone  tissue  in  the  skeleton  show  lower  levels  total  electrolyte, 
Ca,  and  Mr  but  hinher  levels  of  HCO3,  P()4,  and  protein  than  the  Klasmobranchii. 

sent  corrolati'd  ob.serv^ations  of  chemical,  elect tophoretic,  ultracentrifusal 
components  of  serum,  and  various  physical  and  chemical  factors,  in¬ 
fluencing  the  calcium  in  blood  and  cartilage. 

METHODS 

The  composition  of  the  serums  of  the  sand  shark  (Cnrcharias  littornlis)  was  comiiared 
with  that  of  Pacific  Ocean  sea  water  and  serums  of  kelp  bass,  Black  Minorca  roosters, 
and  normal  adult  human  beings,  .\nalyses  were  made  for  sodium,  potassium,  calcium, 
I!'  ignesium,  chloride,  sulphate,  bicarbonate,  inorganic  phosiihate,  and  plasma  proteins 
l  y  routine  methods  used  in  previous  studies  (1)  and  the  results  are  summarized  in 
Figure  1. 

Whole  serum  and  ultrafiltrates  of  serum  from  75  sharks  and  rays  were  analyzed  for 
I'iicium,  inorganic  phosphorus,  protein,  urea  nitrogen,  and  other  components.  The 
s(  'um  proteins  were  examined  by  paper  electrophoresis  and  the  analytical  ultraeentri- 
f'  ge.  Calcium  ion  was  measured  by  perfusion  of  the  heart  of  the  shark  by  means  of  a 
n  edification  of  the  method  of  McLean  and  Hastings  (2),  and  the  murexhlc  method  of 
1  )se  (3). 
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Tlu'  1)11  of  cardiac  blood  was  naaisurcd  in  five  species,  including  tlie  leopard  shark 
Triakut^  semifnsiculatui^,  which  has  the  ability  to  ventilate  the  j>;ills  while  resting  on  tin 
bottom  in  a  small  acpiariiim.  A  Reckmann  i)H  meter.  model-(lS,  was  employed  with  tin 
ulass  and  reference  electroiles  ami  tlu'  reference  chamber  mounted  in  a  tank  of  sea  watia 
at  a  temperature  of  10° 

X-ray  «‘xamination  was  made  of  the  jaws  and  spine  of  one  species  of  st“ven-f!;illed  shall 
and  eleven  species  of  five-billed  sharks. 

Histolobical  sections  were  made  of  tin*  spine  of  one  seven-billed  shark  and  one  fivt 
billed  shark  and  stained  with  hematoxylin-eosin  and  azure  for  cartilabe,  Foot’s  methoi 
for  colhiben.  and  the  von  Kossa  techniciue  for  calcium  salts. 

The  calcium  deposits  in  three  species  of  sharks  and  one  teleost  were  examined  b\ 
chemical,  histochemical.  and  radiobrajihic  methods,  and  correlated  with  the  results  o 
hibh  aiible  X-ray  diffraction  and  infrared  sjiectrobraphy. 

RESULTS 

III  order  to  iiitorpnd  the  rc'sults  of  analyses  of  .serums  of  Idasmohraneliii, 
it  is  nee('.ssary  to  eompan*  the  composition  of  the  blood  with  the  sea  water 
in  which  they  live.  In  a  jawless  cartilaginous  vertebrate,  such  as  the  Hag- 
fish,  the  plasma  is  isotonic  with  sea  water,  and  the  concentration  of  calcium 
is  approximately  the  same  in  the  internal  and  external  environments  of 
th(*  organism.  The  anc(‘stors  of  tin*  ('lasmobranch  fishes,  however,  evolved 
jaws  of  calcifi(‘d  cartilage,  and  tlu'  lu'ginnings  of  ionic  or  osmotic  inde- 
p(“nd(‘nc(‘  from  s(*a  water. 

.Sea  Water 

The  total  cation  conc(‘ntration  of  filtered  Pacific  ()c(‘an  sea  water  is 
approximat(*ly  (iOO  nnup  L.  The  h‘V('l  of  calcium  is  20  mc*(j.  L,  but  the 
total  phosphate,  IIP()4“(valency  l.S  at  pH  7.4)  is  only  O.OOO.t  merp  b. 
Th(>  l(*v(4  of  Mg  was  0.)  merp  L;  the  Mg  Ca  ratio  was  5.5  compared  with 
0.55  in  blood.  (The  levels  of  tluw  constituents,  as  well  as  the  others,  are 
not  appreciably  difTennit  in  the  deep  water  of  the  Atlantic  and  other  large 
oceans  analyzc'd  in  modern  times.)  The  level  of  calcium  found  in  aquarium 
.sea  water  was  10.0  me(p/L:  phosphorus,  0.001  meq.  L.  The  average*  con- 
C(‘ntration  of  other  components  in  sea  water,  compared  with  serum  of 
vertebrate  animals,  was  found  to  lx*  as  shown  diagrammatically  in  Figure 
1;  the  pH  was  approximately  7.9. 

The  extr(*m(*ly  small  concentration  of  pho.sphorus  in  .sea  water,  compared 
with  tlx*  high  levels  found  in  blood  or  ti.ssue  fluids  of  marine  plants  and 
animals,  pre.sents  a  unique  situation.  Living  organisms  are  obviously  abb 
to  concentrate  phosphate  ions  from  a  very  dilute  .solution.  Radioisotop 
studies  show  that  tlx*  phosphorous  of  the  .sea  has  an  exceedingly  higl 
turnover  rat<*  (4).  Phosphorus  is  also  acquir(*d  in  larg(*  amounts  by  marin 
animals  by  feeding  on  plants  or  other  animal  life. 

The  cell  membranes  of  tlx*  gills  and  int(*gumentary  systems  of  mariir 
elasmobranchs  exp(*nd  energy  to  sustain  a  concentration  gradient  for  eacl 
ion  .separat(*ly  between  s(*a  wat(*r  and  body  fluids. 
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(Icncral  (Considerations.  In  tlio  l*]lasinol)ran(*liii,  the  hcinocrit  was  20% 
lul  tlie  r(*(l  hlood  count  was  only  200,000.  As  sinnmariz(‘(l  in  Fifj:iirc  1, 
he  total  (*onc(Mitration  of  cation  in  the  plasma  was  approximately  27o 
L.  It  was  cliaract(‘ristic  of  the  elasmohranch,  as  found  ])reviously 
y  many  investigators,  that  the  osmotic  ecpiivalent  of  32*)  meep  L.  of 
ition  is  ndaiiu'd  in  the  blood  plasma  in  the  form  of  urea,  trimethylamine 
\id(‘,  and  similar  nitrogenous  substance,  and  by  this  means,  tin*  organism 
’  laintains  osmotic  equilibrium  between  its  tissue  fluid,  blood,  and  sea 
ater.  Acpiatic,  avian,  or  terrestrial  animals  having  bone  tissue  have  a 
1  lood  total  cation  concentration  of  only  approximately  loO  meq.  L  and 
i.'latively  insignificant  amounts  of  urea.  Various  components  of  the  blood 
111  S  small  specie's  and  9  large  spe'cies  of  the  Klasmobranchii  were  analyzed, 
as  shown  in  Tables  1  to  3. 

Urea.  The*  un'mia  varied  from  1  to  2  gm.%  ure'a,  and  other  nitrogenous 
material.  Xe'arly  all  of  this  was  ultrafilterabh*.  The  osmotic  cfl'ect  was 
(■(lual  to  27.)  to  350  meq.  L  of  cation,  and  servc'd  to  maintain  osmotic 
equilibrium  between  sea  water  and  plasma  of  the*  shark. 

Protein.  —Tho  level  of  prote'in  in  the  serum  was  relatively  low,  varying 
from  3.0  to  9.7  mc'q.  L  (calculated  as  gm.%  protein  X  van  Slyke  factor 
2.13).  This  was  precipitated  by  either  Xa2S04  or  XIIiS()4  as  globulin; 
tlien'  was  oidy  a  small  amount,  h'ss  than  0.7  me(}./L,  of  otlu'r  protein 
H'lnaining  in  solution  and  im'asurable  by  tlu'  biuret  color  reaction.  The 
latter,  how('V('r,  was  probably  not  albumin  because*  it  was  not  fast-moving 
hy  paper  elect rophore'sis,  or  n'solvable  l»y  ultracentrifugal  s('dim(*ntation 
(11).  The  ultracentrifuge  schlien'ii  pattern  reveah'd  a  mixture  of  at  least 
four  components,  chiefly  globulin  and  other  uncharacterized  protein  (Fig. 

-b. 

Inorganic  J^lwsphorus.  The  level  of  inorganic  P  (calculate'd  as  IlPOrat 
pll  7.4,  valance  l.S)  varied  from  l.S  to  4.5  meq.  L.  These  leve'ls  were  found 
ill  s(*rum  fn'shly  collect('d  from  sharks  in  an  a(}uarium  in  the  laboratory 
wlu'H'  the  clot  was  removed  by  centrifugation  without  delay.  la'vels  of 
5.7  to  14.2  UK'q.  L  w('re  found  in  specinu'ns  eitlu'r  hemolyzi'd  or  not 
si  parated  early  from  tlu*  red  cells;  hydrolysis  of  organic  pho.sphorus  com¬ 
pounds  probably  occurn'd  in  the  blood  with  lev('ls  of  inorganic  P  abovi* 
I  0  meep  L. 

Ultra  filterable  Inorganic  P.  The  .serum  from  35  sharks  and  rays  of  5 
dilh'ic'nt  small  species  wen*  .sacrificed  in  the  laboratory  when*  the  clot  was 
1  ipidly  s(*parat(*d  from  th(*  s(*rum  in  order  to  minimize*  hemolysis,  and  obtain 
foi  ultrafiltrate*  rapielly  withe)ut  warming  the  blooel  to  re)e)m  te*mpe*rature*. 
V'  hile*  only  .SO  pe*rce*nt  of  the*  serum  inorganic  P  was  ultrafilte*rable*,  the* 
<  iXP  proeluct  of  the  ultrafiltrate*  was  appre)ximate*ly  twice*  that  founel  in 
1  iinans  (Table*  2). 
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Tabi.k  2.  I'ltkafiltkrable  ixokgamc  1’  A.\i>  ('a  X  1’  pkodi  ct  of  ui.tkafiltratf;s 

OF  SERI  M  IX  VARIOI  S  SPECIES  OF  SHARKS  AXI)  RAYS 

(mg.  %) 


Species  j 

No.  1 
Hsit  1 

Total  ^ 

(a 

Inoreanic 

P 

TP  C’a 

VV  1 

Inornanic 

P  i 

Inor¬ 
ganic  P, 
filterable  1 

IP 

CaXP 

latyrhinoidis  triseriata 

21 

18.2±1.5 

4.210.6 

13.5  +  1.1 

3.410.5 

79  ±2 

5012 

iaku8  semifasciata  \ 

5 

22.1±2.1 

5.20  +  0.8 

10.1811.5 

3.010.2 

75  ±  2 

7512 

ionace  glaiica 

20.8  +  3.0 

5.60  +  0.8 

15.711.0 

4.310.4 

77±2 

6812 

'f(erodontu8  franri8ei 

S 

15. 8  ±1.0 

6.210.3 

15.011.0 

4.710.2 

75  ±  3 

7012 

fUntina  californica 

1 

18.4 

i  6.5 

1  16.0 

4.5 

.  69 

72 

lualas  suchleyi 

1 

17.4 

1  6.0 

'  16.0 

4.7 

78 

75 

•a  Water 

— 

30.2  +  4.0 

■  0.2010.02 

37.415.0 

0.2310.01 

8±  1 

70 1 4 

Ian 

— 

10.3  +  1.0 

3.810.1 

4.810.3 

3.810.1 

!  1(K)±5 

18.212 

\  ^ 

A, 

\ 

1 

Aa  j 

"'""A  J 

i 

^  4  •- 

Fig.  2.  Ultracontrifugc  jiatti'm  of  si'i  iini  of  C.  leurnx,  showing  4  coiniKHUMits,  iiirsum- 
ahly  glohiilins  and  other  siinilai;  iiroteins  (i-psoIvimI  48  ininntes  after  reaching  a  speed  of 
appro.xiinately  170,000  g).  Tlie  area  of  a  piaik  is  ])idportional  to  tlie  eoneentration  of 
eaeli  eoinponent. 


Table  3.  Compositiox  of  the  serim  ix  large  species  of  elasmobraxchii 


No. 

('a  f 

Protein  gin 

■*7t 

Inor- 

Total 

I'rea 

Species 

and 

P 

N, 

Length 

sex 

Total 

IP 

Total 

lin 

Other 

niR.' r. 

ini:.% 

('iirrharhin  U8 
hums 

2  P 

18.0 

10.4 

,  15.1 

±2.0 

2.4 

±0.2 

2.2 

±0.2 

0.2 

±0.04 

5.8 

±1.0 

10.6 

±0.1 

19.5 

±2.4 

918 

±340 

5'3'to 

5 '7' 

(’•ucharhinus 

lifforale8 

1  P 

18.8 

15.0 

2.3 

2.2 

0.1 

5,0 

14.4 

27.2 

1021 

5'6' 

+ 

h'lxyatis  lata 

1  M 

16.3 

11.4 

1.0 

1.8 

0.1 

5.1 

6.5 

11.0 

1140 

- 

- 

I)fi8yati8  lata 

1  P 

12.0 

i  8.0 

2.1 

2.0 

0.1 

4.6 

4.4 

10.0 

895 

- 

t'  ilamia 
•  h^'uras 

1  -M 

17.5 

1  10.8 

3.5 

3.3 

0.2 

5.3 

— 

9 '8' 

- 

I  ilamia 
'•!<cura8 

1  M 

16.2 

14.2 

2.4 

2.2 

0.2 

5.3 

9.2 

14.0 

910 

lOT' 

F'llamia 
•  ilberta 

2  M 

18.7 

14.0 

1  14.0 

1  10.8 

1  2.4 

!  ±0.1 

2.3 

±0.1 

0.1 

±0.01 

4.1 

±0.04 

11.0 

±4.1 

26.0 

±6.2 

998 

5^3*  to 
5'5'' 

ilamia 

iilberta 

5  P 

18.2 

11.7 

14.6 

;  ±1.2 

i  2.4 
±0.4 

2.3 

±0.1 

0.15 

±0.02 

7.1 

±1.4 

9.1 

±2.6 

31.4 

±9.2 

1(KI4 

±10 

5'4*'  to 
7'r 

+ 

''iilamia 

<'ni8orrah 

IP 

21.1 

16.7 

1 

i  3.3 

3.0 

0.3 

5.9 

18.8 

50.0 

— 

5'5' 

+ 

'irrharhinu8 

■iras 

1  P 

21.3 

! 

1  13.9 

3.6 

3.6 

0.03 

4.2 

10.1 

_ 

1420 

9 '8' 

- 
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'J'abi.e  4.  The  i.evee  ok  citrate  acid  i.\  wiioi.e  sekc.m  i  i,tkahi,tkates 


.Species 

Citiie  acid,  nin-  % 

1  Serum 

fltrafiltrati' 

('.  leueax  \ 

!  1  -r.  i 

1.0 

(’.  litloruUs  1 

1  •_>.() 

1  .0 

1).  Iota 

0.4 

0.4 

1).  tala 

1 .5 

1 .0 

Total  Phosphorus.  -The  level  of  total  serum  P  varied  from  3.1  to  2S.S 
me(i./L.  The  higher  levels  were  found  in  hemolyzi'd  .spi'eimens  collected  a1 
s(‘a.  The  range  in  clear  serums  prepared  in  the  laboratory  was  3.1  to  12.7 
IIKHJ.  L. 

Magnesium.  The  level  of  magne.sium  in  the  .serum  varied  from  2.0  to 
0.8  meq.  L,  approximately  o%  of  the  amount  found  in  sea  water.  Then' 
was  no  correlation  between  the  Mg  content  of  .sea  water  and  serum  and 
no  apparent  relationship  between  concentrations  of  Ca  and  Mg  in  either 
serum  or  ultrafiltrates  of  .serums  (Table  3). 

Citric  Acid. — The  levels  of  citric  acid  in  the  serum  v^aried  from  0.4  to 
1.9  mg.%.  These  levels  are  le.ss  than  half  those  found  in  animals  that  have 
bone  ti.ssue  in  the  skehdon  (Table  4). 

Phospholipid.  The  levels  of  phospholipid  (measured  as  lecithin)  cari(*d 
from  22  to  88  mg.%  in  whole  serum  (Table  5). 

Alkaline  Phosphatase. — The  levels  of  alkaline  phosphatase  varied  from 
0.0  to  1.9  King-Armstrong  units  in  8  different  .species  of  sharks  and  rays 
(Table  6). 

Total  Caleium.  The  level  of  calcium  in  the  .serum  varied  within  a  wide 
range  of  5.9  to  12.3  meq. /L.  The  level  was  uninfluenced  l)y  the  age  (as 
determined  by  length),  sex,  reproductive  cycle,  or  species.  (There  wme 
embryos  in  various  stages  of  development  in  the  uterus  in  5  sharks.)  There 
was  no  apparent  relationship  of  calcium  to  the  level  of  urea  in  the  plasma. 

Ultra  filterable  Caleium.  The  level  of  calcium  in  protein-free  ultrafil¬ 
trates  of  the  serum  was  approximately  75  to  90%  of  the  total  calcium: 
this  did  not  appear  to  vary  with  wide  variations  in  the  level  of  urea. 

Table  5.  The  i.evee  ok  phosphoeipiu  i\  whole  seru.m  and  ultra kiltrate.s 

(mg-  %) 


Species 

Phospholijiid 

Serum 

Ultrafiltrate 

K.  milberii 

82.0 

:i‘).o 

E.  ohsc  liras 

22 

■  .  7.8 

E.  obsciiras 

27 

5.2 

E.  menisorrah 

88 

48.0 

E.  glaiica 

;}0 

:}0.o 

E.  milberii 

06 

21  .0 

D 
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'I'aBLK  0.  'I'llK  I.KVKI,  OF  AI.KAMNK  IMIOSIMI ASE  IN  THE  SEIU'.M  IN  .SIIAHKS  ANI>  HAYS 


Species 

King- .Xrnist rung  units 

K.  obscuras 

0.0 

K.  milberli 

0.0 

leucas 

0.0 

liltoralis 

1 .0 

P.  glauca 

0.4 

K.  menisorrah 

0.0 

V.  tauras 

1 .4 

1).  lata,  9 

0.5 

1).  lata,  o' 

1.0 

The  coneent rations  of  citric  acid  and  phospholipid  \v(‘re  as  low  in  iiltra- 
(iltrates  as  in  whole  serum,  and  thus  could  have  been  available  for  com¬ 
plexes  with  only  a  very  small  amount  of  calcium.  The  levels  of  Mg  in 
ultrafiltrates  were  slightly  lower  than  in  whole  serum. 

Colloidal  Calcium  Phosphate.  VliniiWivatoa  that  were  allowed  to  stand 
and  warm  to  room  tempinature  had  a  pH  of  7.S;  when  the  ultrafiltration 
of  this  fluid  was  rep(‘at<‘d,  there  was  lowering  of  the  level  of  both  calcium 
and  phosphorus  of  only  less  than  0.3  mg.%.  This  may  be  regarded  as  evi¬ 
dence  of  formation  in  vitro  of  a  small  amount  of  colloidal  calcium  phos¬ 
phate;  there  is  no  rea.son  to  assume  that  the  phenomenon  occurs  in  blood 
in  vivo,  except  as  a  transiimt  substance  removi'd  by  macrophages,  only  to 
be  returiu'd  in  solution  in  lymph  and  tissue  fluids  as  calcium  and  pho.s- 
phate  ions. 

Partition  of  Calcium. — Samples  of  serum  from  E.  obscuras  were  analyzed 
following  ultracentrifugation  in  a  partition  cell,  in  a  field  of  70,000  (1  for 
12  hours,  and  the  results  are  shown  in  Figure  3.  The  composition  of  the 
middle  two  segments  was  the  same.  The  top  segment  differed  from  them 


Fig.  3.  Diagram  showing  the  composi¬ 
tion  of  the  .serum  of  K.  obscuras  and  the 
concentration  of  electrolytes  in  3  segments 
of  a  partition  cell  following  ultracentrif¬ 
ugation.  The  non-protein  bound  calcium, 
as  found  in  the  upper  segment,  consists  of 
apjiroximately  80%  of  the  concentration 
of  the  total  calcium.  The  distribution  of 
the  protein  is  shown  in  Fig.  4. 


CALCIUM 

14.1 

INORG.  P 

5.0 

TOTAL  P 

22.0 

P’  LIPID 

43.0 

T.  LIPID 

260.0 

UREA  N 

840.0 

CALCIUM  20.5^ 
IN0R6.  P  6.4 
TOTAL  P  29.0  L 
P’LIPID  86.0  r 
T.  LIPID  330.0 
UREA  N  lOSA.Oj 


{CALCIUM 
INORG  P 
TOTAL  P 
P’ LIPID 
T.  LIPID 
UREA  N 


16.6 
5.9 
24.0 
46  0 
180.0 
897.0 


WHOLE  PLASMA  :  TOTAL  CALCIUM  =  16.2 
TOTAL  PROTEIN  *  2.64  (GmsX),  ALBt?)  =  0.16, 
GLOB.  =  2.48,  INORG.  P  =  10.7,  PHOSPHOLIPIO  •  66 
TOTAL  LIPID  =  260,  MAGNESIUM  =  4.1,  UREA  «  1011 
ALK.  PHOSPHATASE  '■  0.1  u  (Milligrams  %) 
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Fig.  4.  Filter  jiapor  elcetrophorograms  of  10  lambda  samples  of  whole  serum  and  each 
of  the  3  segments  of  the  jiartition  cell  shown  in  Fig.  3.  The  bottom  fraction  contains 
various  globulins  and  no  fast-moving  components  or  albumin.  I'FCa,  an  ultrafiltrate  of 
the  same  serum,  contained  14.0  mg.  %  calcium;  the  concentration  of  calcium  bound  to 
protein  represented  only  approximately  20%  of  the  concentration  of  the  total  calcium. 


mainly  in  tho  higher  concentration  of  lipid  by  floatation.  The  bottom 
segment  differed  from  all  others  in  the  4  to  6  mg.%  higher  concentration 
of  calcium,  and  a  slightly  higher  concentration  of  v'arious  other  compo¬ 
nents.  Ten  lambda  of  serum  from  each  .segment  were  examined  by  paper 
electrophoresis  (15  amperes  for  12  hours;  bromphenol  stain)  to  determine 
the  distribution  of  protein.  As  shown  in  Figure  4,  the  top  and  middle  seg¬ 
ments  were  protein  free.  The  bottom  fraction  contained  various  globulins 
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Table  7.  Dissociation  constants  for  calcium  proteinate  from  serum  proteins 
OF  Carcharinvs  leucas  diluted  with  Ca-free  ringer’s  solution 
(Globulin,  2.8;  other  proteins  0.1  Gms.  %) 


1 

Dilution 
%  serum 

Total  prot. 

Total  Ca 
inM/L  , 

1 

UF  Ca  obs. 
mM/L 

i 

CaProt  1 
mM/L 

Prof  ^ 
mM/L 

pKcaProt 

gm./lOO 

cc 

mM/L 

100 

2.9 

3.25 

4.15 

3.3 

0.85 

2.07 

1.99 

75 

2.17 

2.04 

3.12 

2 .57 

0.55 

2.09 

2.01 

50 

1.45 

1.70 

2.07 

1 .05 

0.42 

1.34 

2.28 

25 

0.72 

0.87 

1.04 

0.75 

0.29 

0.58 

1  .82 

pKcsProl 


,  [Ca++]  x[Prot-] 

— Tc^o,]— 


[See  McLean  and  Hastings,  J.  Biol.  Chem.  108,  Table  IV,  p.  293  (1935).] 


!)iit  no  allnimin,  and  G  mg.%  liiglier  concentration  of  calcium.  Thus,  the 
level  of  the  non-protein  hound  calcium  in  the  serum  was  as  high  as  85  to 
h0%  of  the  total  calcium.  This  unique  relationship  was  attributed  chiefly 
to  the  low  concentration  of  plasma  protein  in  the  Klasmobranchii. 

Calcium  Proteinate. — Five  samples  of  serum,  3  from  C.  leucas  and  2 
from  C.  littoralis  were  diluted  in  4  stages  with  calcium-free  Ringer’s  solu¬ 
tion  in  order  to  determine  the  affinity  or  dissociation  constants  for  serum 
proteinate  of  the  shark.  For  application  of  the  McLean-IIastings  formula, 
the  concentration  of  the  ultrafilterable  calcium  was  substituted  for  the 
concentration  of  calcium  ion.  A  typical  result,  as  shown  in  Table  7,  dem¬ 
onstrated  that  the  calcium  dissociated  from  the  protein  in  accordance  with 
•Mass  Law  relationships.  The  values  for  the  mixture  of  globulins  found  in 
(‘lasmobranch  .serum  indicate  that  there  is  no  es.sential  difference  in  the 
calcium-binding  properties  of  the  globulins  in  the  blood  of  shark  and  higher 
vertebrates. 

The  capacity  of  the  Protein  for  Combination  with  Calcium.  —Throo  samples 
of  serum  from  C.  leucas  were  diluted  with  solutions  of  various  concentra¬ 
tions  of  CaCL  and  NaCl  in  specified  proportions,  and  the  level  of  calcium 
was  measured  in  ultrafiltrates  of  the  mixtures.  The  results  suggested  that 
only  a  small  amount  of  calcium  could  be  added  to  the  protein,  and  that  the 
capacity  for  calcium  binding  was  approximately  4.0  mAI,  Ca  TOO  gm.  of 
the  globulin  in  the  blood  of  the  shark. 

Calcium  Ion  Concentration. — The  level  of  ionized  calcium  in  whole  serum 
and  ultrafiltrates  of  serum  was  estimated  by  means  of  perfusion  of  the 
heart  of  the  shark,  using  a  modification  of  the  frog  heart  method  (2).  By 
•omparison  with  standard  solutions  of  calcium  chloride  in  shark  .synthetic 
physiological  media,  the  level  of  calcium  ion,  in  either  ultrafiltrates  or 
vhole  .serum,  was  estimated  at  G.2  +  1.5  ineq./L.  Urea  was  e.s.sential  for 
lormal  function  of  the  heart,  but  variations  in  the  concentration  from  1 
o  1.5%,  tested  either  in  standard  solutions  or  the  serums,  did  not  influ- 
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'I’aBLE  8  Hiot.or.ic  ESTIMATIOX  ok  CAIXILM  I0.\  COXt  ENTRATION  OK  I  LTRAKILTHATES 
OK  SERl’M  BY  I’ERKt  SlOX  OK  THE  HEART  OK  THE  SHARK  AND  BY 
THE  Ml  REXIDE  METHOD 


Solution 

I’ltrafilterable 

calcium 

meq./L 

Calcium  ion  1 
concentration 
meq./L 

Rercentage  of  ' 
ionic 

strength  of 
sea  water 

% 

('a’  + 
in  fl' 

Sea  Water 

20.3  ±3.0 

— *  1 

1  100 

I’hvsiologic  Shark  Sol.f 

7.5  ±1  .2 

0 . 4  +  1 . 5 

45{ 

70 

Sertim,  P.  Iriseriala,  s.h. 

7.5  +  1  .0 

0.211.4  1 

‘t5{ 

82 

Serum,  P.  triseriala^ 

7.5  +  1 .0 

7.011.0  I 

45t 

03 

Serum,  H.  sapiens,  f.h. 

3.010.4 

2.0 +0.0 

1  25 1 

!  83 

Serum,  //.  sapiens^ 

3.0 +0.4 

2.810.5 

25t 

00 

*  Responds  to  the  maximum  (10.0  meq./L)  of  the  range  of  the  heart, 
t  Includes  1.5%  urea. 
t  Excludes  urea,  1  to  2.0% 

8.h.=shark  heart;  f.h.=frog  heart. 

§  Murexide  determinations  were  made  while  bubbling  oxjgen  containing  2.5%  COj 
through  ultrafiltrates  of  shark  serum  and  5.0%  CO2  through  ultrafiltrates  of  human  serum; 
pH  was  7.4  in  each  instance. 

once  the  ionization  of  calcium  as  it  is  observed  by 
the  perfusion  methotl  (Table  S). 

,  .  S  pH  of  the  Circulating  Samples  of  hepa- 

-  Jb  rinized  blood  from  o  species  of  sharks  wen*  ob- 

K  lo  determim*  tlu*  po.ssible  n'lationship 

K  ‘  between  tlu*  level  of  tlu*  non-protein-bound 

calcium  and  the  pH.  The  n'sults,  as  .shown  in 
Table  9,  suf?{j:est(*d  that  tlu*  pH  of  the  blood  of  an 
elasmobranch  fluctuat(*s  within  a  wide  ranine  of 
7.12  to  7.()9.  Tlu*  conc(*nt ration  of  HC();j~  buHer, 
the  partial  pre.s.sun*  of  (yOo,  and  dissolv(*d  C()>, 
were  very  low  compar(*d  with  man  and  other 
warm-blood(‘<l  animals  in  which  the  pH  of  the 


Ek;.  .5.  RocntgciKigram  of  tlic  open  jaws  of  .V.  marulatum  sluuviiig  teeth  einbe<l(le(l  in 
calcified  c.-irtilage.  .\  <toss  s«*ction  of  spine  of  this  seven-gilh'd  primitive  sj)eeies  (left) 
shows  vertebrae  consisting  of  uncnlcijied  cartilage  and  notochordal  tissue,  and  no  mineral 
deposits  of  any  kind. 
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Table  9.  Acid-base  balance  in  the  blood  of  elasmobranchii  species 


! 

Species  i 

1 

pH  1 

i 

PCO2 
mm.  Hg. 

Dissolved 

OO2 

meq./L 

HCO’ 

meq./L 

Total 

CD2 

meq./L 

Total  1 
Ca 

meq./L 

UF  Ca 
meq./ 

L 

r.  scmifasciatus 

1st  Day 

7.40  1 

8.88 

0.28 

5.09 

5  .H7 

10.3 

8.4 

2nd  Day 

7.12 

12.95 

o.:i9 

3.15 

3.. 54 

7 .() 

5.0 

7th  Day 

Sample  1 

7.1.3 

10.14 

0.29 

3.00 

3.29  ■ 

0.7 

5.0 

Sample  2 

7To7 

8.24 

0.248 

4.09 

5.17 

7.2 

5 .  (> 

Sample  It 

7.50 

9.50 

0.287 

4.00 

4.94 

10.4 

8.0 

\.  maculatum  cf 

7.18 

12.00 

o.:i5 

5.0 

5.35 

0.3 

5.8 

maculatum  9 

7.:to 

1:1.09 

0.395 

0.07 

0.40 

0 .9 

5.0 

leterodondous 

7..5:t 

9.05 

1  0.195 

0.28 

0 .47 

8.2 

0.1 

'ephaloscyllium 

7.1)0 

8.05 

'  0.1.55 

5.20 

5 .157 

1  8.2 

0.2 

Vquarium  water* 

7.8 

■ - 

1  - 

1 .20 

— 

1  30 . 42 

' — ■ 

Total  COj  was  determined  by  Van  Slyke  manonietric  apparatus:  pt'Oj  and  lICOs  were 
(Iciilated  from  the  pll  and  total  COo  at  15°  C',  ionic  strength  D.SOM,  by  the  eipiation, 


pH  =  (i.lO  -|-  log 


[total  Ct),.]  -  0.0:101  i)C(),. 
OdKlOl  i)(’<L, 


*  Aquarium  conditions  =  T°  10°  Ck 

Dissolved  02  =  5.1  jipm,  free  or  uncombined  ('()2  =  0.10  ppm. 


lilood  is  ivgulatod  within  a  narrow  ranso  of  7.dS  to  7.4d.  Tin*  amount  of  cal- 
ciuin  bound  to  protein  at  10°  C  appeart'd  in  tlio  avoraso  samph*  to  lx* 
eroator  at  highor  than  at  lower  levels  of  the  pll.  The  level  of  the  total  cal¬ 
cium  did  not  vary  with  the  levt'l  of  the  pll  of  the  bkxxl. 

Temperature  and  pH  During  UUrafiUration  and  Perfusion  of  the  Heart. 
'I'he  high  level  of  diffusible  ealeium,  as  determined  by  ultrafiltration  and 
calcium  ion,  as  estimatt'd  by  perfusion  of  the  heart  of  the  shark,  could  not 
be  accounted  for  by  effects  of  warming  of  the  serum  from  10  to  25  d(*gr(*(‘s 
or  elevation  of  the  pII  from  7.4  to  7.8.  Using  a  refrigi’fi-ated  ci'iitrifugi*, 
ultrafiltration  was  carru'd  out  at  15  di'grees  C,  a  physiologic  body  t(*m- 
pf'rature  for  hdasmobranchii.  Refrigerated  solutions,  15  to  20  (h'grei's  C, 
\\(‘r(*  us(‘d  for  perfusion  of  tlu*  heart.  In  general,  lower  temp(*ratur(*s  r(*duced 
protein  binding  and  raised  level  of  ultrafilterable  calcium.  Loss  of  COa  and 
high  pH  incH'ased  protein  binding  and  lowered  the  level  of  calcium  in 
ultrafiltrates  as  much  as  10  perci'ut.  At  pH  7.4  and  25  di'grc'es  (',  lu'art 
p(*rfusion  show(‘d  that  the  calcium  ion  conc(*ntration  was  h'ss  than  0.5 
in(“(j./L  higher  than  at  15  degrees  C. 

The  Equilibrium  Between  IntraeeUular  and  ExtraeeJlular  (Udeium.  Ri'd 
cells  of  lu'parinized  blood  of  P.  triseriata  were  washed  in  2.5%  saline  and 
I %,  urea  (a  solution  i.sotonic  for  shark  bhxxl),  and  analyz(‘d  for  calcium  and 
"th(*r  inorganic  ions,  .\nother  samph*  was  washed  in  2.5%  K(4  and  1% 
nea  analyz(*d  for  sodium.  Tlx*  r(*sults  d(*monsfrate  that  tlu*  r(*d  c(*lls 
uucl(*at(*d),  and  p(*rhaps  oth(*r  cells  of  the  (*lasmobranch,  contain  2.0 
!  u*(i.  L  or  4.0  mg.%  of  calcium,  which  is  approximately  20%  of  the  con- 
I  entration  of  the  diffusible  (ultrafilterable)  calcium  of  the  plasma.  The 
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Table  10.  Regulation  of  diffusion  of  various  ions.  Composition  of  plasma 
AND  WASHED  NUCLEATED  RED  BLOOD  CELLS  OF  Plalijrhoidoidis  triseriata 

(meq./L) 


Component 

Plasma 

RBC. 

Sodium 

2:14.0 

20.0 

Potassium 

11.4 

175.2 

Calcium 

10.5 

3.4 

UF  Ca 

8.:i 

— 

Magnesium 

9.1 

7.0 

Chloride 

208.0 

160.4 

Bicarbonate 

:i.2 

— 

Inorg.  P. 

3.8 

13.4 

Total  P 

27.0 

77.4 
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Fig.  7.  Roentgenogram  of  spine  of  a  mature  female  shark,  E.  ohscuras,  10  ft.,  1"  long, 
showing  the  detail  of  the  pattern  of  the  calcium  deposits  in  the  lumbar  spine.  Lateral 
view,  above;  cross  section,  below. 


intracellular  concentration  of  magnesium  was  even  higher  but  the  intra¬ 
cellular  concentration  of  potassium  was  high  and  sodium  low,  as  is  gen¬ 
erally  the  case  in  most  higher  vertebrates.  These  observations  suggest  that 
in  the  Elasmobranchii  the  cell  membranes  regulate  the  diffusion  of  Na+ 
and  K+  ions  separately  from  Ca++  and  ]Mg++  and  that  this  subclass  is  like 
the  marine  invertebrates  that  are  adapted  to  the  high  concentration  of  the 
calcium  and  magnesium  in  the  sea.  Thus,  the  elasmobranch  red  cells  have 
a  form  of  cationic  and  osmotic  regulation  somewhat  like  that  of  the  lower 
marine  forms  whose  body  fluids  are  in  ionic  equilibrium  with  sea  water. 
Animals  with  cell  membranes  that  regulate  the  diffusion  of  calcium  and 
magnesium  ions  within  a  narrow  range  evolved  an  endoskeleton  of  bone 
tis.sue  (Table  10). 

Biological  Solubility. —The  minimum  ion  product,  CaXP,  at  which 
'•alcification  will  occur  in  mammalian  cartilage,  has  been  used  as  an  index 
of  biological  solubility.  Ultrafiltrates  of  human  sera  with  a  CaXP  product 
expressed  in  mg.%),  as  low  as  34,  will  produce  calcification.  Inasmuch  as 
)nly  85%  of  the  inorganic  phosphate  in  the  serum  of  Elasmobranchii  is 
’iltrafilterable  (rather  than  95%  or  more,  as  in  man),  and  inasmuch  as 
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Fig.  S.  Ropiitgonogranis  of  tho  jaws  of  a  mature  female  sliark,  T.  fasciculnta,  showiiit;: 
a  iK'aliiig;  fracture  of  the  riglit  mandible.  The  hook  used  to  catch  this  shark  is  shown 
emhcdch'd  in  the  calcifical  cartilage.  Serial  sections  of  the  dorsal  vertebrate  (ui)i)('r  right, 
insert)  dcunonstrati'  tectospomhdic  pattern  of  calcium  deposit;  note*  thin  plates  of  miiKTal 
in  cartilage'  suiiiiorting  the  neural  canal  and  surfaces  of  cartilage'. 

lioart  pe'ifiision  dotorniination.s  .suggest  tliat  the  largest  part  of  the  calcium 
(12.4  mg.%)  is  ionized,  the  minimum  comparable  CaXP  product  is 
VhV24  ±0.0. 

Sera  from  12  species  wen'  analyzed  for  magnesium  and  found  to  contain 
as  much  as  .‘IX  the  concentration  appc'aring  in  the  blood  of  higlu'r  animals. 
Magnesium  has  i)een  found  to  inhibit  calcification  in  vitro  in  mammals  (4). 
To  investigate  the  pos.sibility  that  the  magne.sium  in  the  sera  of  hdasmo- 
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'I'aBI.K  II.  ('.\LCIKIC.\TI()N  OK  U.\rHlTIC  R.\T  tWHTl  I.A(!K  SI. ICES  I  Il.TUA  Kl  l.TUATES 

OF  sEKi'.M  in  vitro 


S|)ccics 

e'a  X  1’  product  | 

e 'alcification 

-V.  ninciilatiini  (o') 

91) 

4  + 

control  +  1  %  urea 

Kill 

■1  1 

.V.  niaculatinii  (  9  ) 

•.III 

4  + 

control  +  1  %  urea 

511 

4  + 

K.  meninorrah 

:H4 

4  + 

control  +  1%  urea 

2t)0 

4  + 

iirancilii  might  he  a  limiting  factor  in  calcification  in  cartilaginous  fishes, 
rachitic  rat  cartilage*  was  incubated  in  ultrafiltrate's  from  R  specie's  (Table* 
11).  Stanelard  solutions  e)f  the*  e'ompeisitioii  of  those*  e)f  Venelt,  et  al.  (4), 
with  the  aelelitioii  of  1%  ure*a,  were*  use*el  feir  ceintreils,  Xe*ithe*r  the  magne*- 
sium  in  the*  e*xpe*rimental  sera  nor  the*  ure*a  in  the*  ceintreils  inhibite'el  calcifi¬ 
cation  of  rachitic  cartilage*  slice's. 

Table*  12  summarize*s  the*  re*sults  of  e*xpe*rime*nts  elesigneel  afte*r  the* 
methoel  of  Xorelin  (b)  in  which  the*  pH  was  me*asure*el  at  the  point  of  pre*- 
e'ipitation  of  calcium  phosphate*  salts  from  water,  physiole)gic  shark  salt 
solution,  anel  ultrafiltrate's  of  serum  from  T.  scmifasciculata,  titrate*el  with 
O.lX  XaOH.  The*  ultrafiltrate*  was  e*xamine*el  be*fore*  anel  afte'r  elilutioii  with 


Fig.  9.  Histologic  se'ction  of  the*  caudal  ve'rtchra  of  tlu'  same  shark  as  shown  in 
Fig.  H.  Hcmatoxyliii-eosin-  and  azure  (h'ft)  showing  a  cross  section  of  tlie  structure  of 
I  lie  core  of  calcifie*d  cartilage. 
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Table  12.  Kelatioxshii’  between  pU  and  precipitation  of  calcti  m  phosphate 
FROM  water,  physiologic  SHARK  SALT  SOLUTIONS,  AND  ULTRAFILTRATES  OF 
SERUM  (concentration  =  15  MG.%  CA  AND  5  MG.%)  INORGANIC  PHOSPHORUS 


Solution 

pH  of  solution* 

pH  of  precipitation t 

.\  Water 

0.85 ±  .It 

7.48±  .02 

H  Physiologic  .Shark  Salt  Sol. 

7.41  ±  1 

7.01 + .03 

C  Ultrafiltrate 

7.75  +  1 

8.01 + .00 

1)  Ultrafiltrate  1:1  Sol.  .\ 

7.40  +  1 

7  .  .55  +  .  03 

F  Ultrafiltrate  1 :2  Sol.  .\ 

7.:w+  .1 

7 . 4,5  +  .00 

F  Ultrafiltrate  1 :3  .Sol.  .\ 

7.40+  .1 

7.57+.  05 

*  III  room  air  at  10°  C. 

t  Precipitate  obtained  by  titration  with  O.IN  XaOH;  pH  at  point  of  redissolving  of  jire- 
cipitate  determined  with  O.IX  HCl. 

i  .\cidified  with  IICl  to  retain  the  calcium  in  solution. 

\vat(‘r  solution.s  containiiif;  standard  of  15  mg.%  Ca  and  5  mg.%  inorganic 
pho.spliato  in  the  form  of  CaCU  and  Xa2HP04,  sustained  by  an  initial  pH 
of  7.0.  The  undiluted  ultrafiltrate  differed  from  the  synthetic  solutions  and 
diluted  ultrafiltrate  in  that  the  high  pH  of  8.01  was  required  to  produce 
gro.><s  precipitation  of  calcium;  at  10  to  20  degrees  C,  7.45  to  7.61  was  the 
rangt'  of  the  pH  at  which  control  solutions  produced  this  reaction.  Thus, 
the  shark  posse.ssed  some  .special  factor  that  is  responsible  for  supersatura¬ 
tion  of  the  serum  with  respect  to  calcium  and  inorganic  phosphate  ions; 
this  deserves  intensive  investigation. 

Skeleton 

The  Calcium  in  Cartilage. — All  species  of  five-gilled  sharks  and  rays  had 
calcium  deposits  in  their  crania,  jaws  and  vertebra.  Calcification  occurred 


Fig.  10.  X-ray  diffractogram  of  the  calcium  deposits  in  the  vertebral  bodies  showi 
in  Fig.  8.  The  triplet  peaks  above  30®  2d  are  the  same  as  those  obtained  from  bone  ash. 
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ti  the  surface's  of  tlu*  vert  (‘bra  in  some  parts  of  the  spine  and  in  tlu'  (*ent(“r 
f  the  vertebral  body  in  other  parts  in  a  pattern  tliat  is  charactc'ristic  of 
ich  specie's.  Tlie  calcium  ele'posits  were  fonnel  in  masses  or  plate's  in  a 
)e'cial  form  of  matrix.  The  nncalcifieel  parts  were  fil)ro-cartilas(^  or  hyaline 
irtilage  containing  very  little  collage'll.  The  calcified  matrix  was  very 
I'lisely  packe'el  with  collagen,  anel  staiiu'el  metachromatic  with  teilnielin 
hie  anel  positive  with  pe'rioelic  aciel  anel  Schiff  re'agents;  the  ce'lls  encleise'd 
1  it  had  thin  capsule's  anel  contaiiu'd  alkaline  phosphatase'. 

.V.  maciilatus,  a  primitive  seven-gille'el  shark  (Table' d),  fenind  off  shore's 
I  California,  was  eif  particular  intere'st  be'cause  it  posse'.sse'tl  jaws  eif  calcifie'd 
(  irtilage'  but  no  calcification  in  the  verte'bra.  The  vertt'bral  beielie's  consist e'el 
I  f  a  core'  eif  loo.se  gelatinous  noteichorelal  ti.ssne  within  a  she'll  eif  fibreicarti- 
1  ige'  anel  fibreins  ti.ssne.  The're  was  hyaline'  cartilage  with  ba.seiphilic  matrix 
and  strips  of  fibrocartilage';  the  calcium  be'aring  metachromatic,  ceillage'ii- 
1  !ch  matrix  was  ab.sent  in  the  spine. 

The  ('alciutn  Salt. — The  calcium  ele'posits  in  the  spine  of  thive'  re'pre'- 
M'litative'  specie's  of  five'-gilh'el  sharks  hael  an  ash  weight  of  only  20%  eif  the 
wet  weight  of  the  ve'ite'bra;  the'  ratio  of  Ca  P  on  a  molar  basis  was  1.52. 
I'or  pnrpo.se's  of  comparison,  the  Ca  P  ratio  of  bone  miiu'ral  of  the  te'h'ost, 
Sphijraena  barracuda,  was  l.(i2.  X-ray  diffract ograms  and  infrare'd  spe'ctro- 
fii  aphic  analysis  of  .sample's  ashe'el  at  000  eh'gre'e's  showe'el  2o%  /3-tricalcinm 
])heisphate'  anel  75%  hyelreixyapatite'.  The'  X-ray  elitfraction  patte'in  eif  the' 
wet  material,  as  we'll  as  the'  ash,  was  that  of  an  apatite'  similar,  if  not  ielenti- 
cal,  to  the  miiU'ral  eif  bone  (Fig.  10).  Fnrtlu'r  .stnelie's  of  the  crystal  .struc¬ 
ture,  size,  anel  orientation  of  the  calcium  ele'posits  in  the  cartilage'  of  the' 
shark,  as  in  the'  bone's  of  highe'r  ve'rtebrate's,  are'  nece'ssary  to  eh'termine' 
whether  the  miiK'ral  is  hydroxyapatite,  carbonate  apatite,  hydrate'd  tri- 
calcinm  phosphate',  calcium-deficient  hydroxyapatite,  or  octocalcinm 
phosphate. 


IlISCUSSIOX 

The  circumstance's  associateel  with  calcium  in  the  blooel  eif  the'  Idasmei- 
liranchii  have  receive'el  redative'ly  little  attention.  Te'h'ost  fislu's,  in  com¬ 
parison,  have  lie'en  investigate'el  more  thoroughly,  preibably  becan.se'  eif  the' 
niarke'el  e'levation  of  the  leve'l  of  serum  calcium  (5.5  +  1.0  to  10+4  meep  L) 
that  was  found  in  female's  eluring  reproeluction.  The  e'lasmeibranch  fishe's 
were  founel  to  have  comparable  leve'ls  in  both  female's  anel  male's  (7). 
Similar  observations  were  recorde'e!  later  without  comment  by  others  (8,  9, 
19).  Our  elata  pre.sented  above  ele'monst  rat  e'el  that  high  levels  eif  calcium 
a’e  probably  characteristic  of  the  Flasmobranchii  of  all  spe'cies,  both  se'xe's, 
I  ature  and  immature,  gravid  anel  non-gravid.  Observations  pre'sente'ei  in  a 
1  "evious  re'port  (11)  reve'ah'el  that  te'k'osts,  as  well  as  higher  verte'bra te's  eif 
e  iparous  anel  some  ovoviviparous  species  develope'el  hypercalce'inia  only 
i  females  eluring  the  reproductive  cycle;  the  calcium  that  was  adde'el  to  the 
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Tig.  II.  X-r:iy  diffraction  patterns  of  tlic  calcium  (lci)osits  in  \v(‘t  v(‘rtcl)ra  of  tlic 
(•lasmol)rancli,  I*,  glaiica  (riftlit),  and  the  teleost,  N.  Ixirranida  (left).  Xoti*  the  idimtical 
x-ray  diffraction  pattern  of  the  lartilasje  and  hone  minerals.  ((’uK  radiation  and  camera 
with  H=2S.7  mm.;  operator  1'.  I’out.ird,  IMi.D.) 

.s(‘iiim  was  hound  to  prof(*in  in  transport  from  the  liv('r  to  tho  yolk  .sac  and 
always  associated  with  the  d(‘position  of  (‘gg  yolk. 

Tin*  l(‘V(‘l  of  protein  in  the  .serum  was  ndatively  low  in  all  sp('cies  of 
elasmohranchs.  Tin*  chi(‘f  compoiumt  was  glohnlin  with  (“itlu'r  no  alhnmin 
(12)  or  .SOUK'  otlu'r  atypical  non-fast  moving  (dectrophondic  compoinnit 
(Id,  14,  lo).  Onr  ol)s('rvations  corroborate  th(‘.s(*  n'snlts  in  that  there  wen* 
only  small  amounts  of  protein  in  solution  following  NajS()4  precipitation, 
and  no  fast-moving  components.  Ultracentriftigal  analy.sis  show(‘d  a 
schlieren  pattern  of  four  separate  components  of  almost  ecpial  concentra¬ 
tion.  It  may  he  assumed  that  the  Klasmohranchii  have  not  evolved  a  pro¬ 
tein  comparable  to  the  serum  alhnmin  of  higher  vertebrates. 

Th(‘  acid  ha.se  balance  in  the  blood  has  received  considerable  attention 
in  connection  with  studies  dealing  with  peculiar  respiratory  and  (*xcretory 
physiology  of  tlu*  elasmobranch  fish(*s.  Single  determinations  of  the  pH  of 
the  blood  of  individuals  of  diffen'iit  specie's  have  been  recorde'd  and  found 
to  fall  within  a  wide  range  of  7.20  to  7.08  (S).  Others  found  7.S2  in  arterial 
blood  and  7.07  in  venous  blood  (10);  7.40  (17),  7.8  to  7.5  (18),  or  7.55  (10 
in  mixed  blood.  Previously  publislu'd  data  also  revealed  a  low  bicarbonate 
bnfTer  capacity,  5.50-11.5  m(*(p/L  (8),  or  4-5  meep/L  (20).  Onr  observa 
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'ions  confirm  these*  r(*siilts,  and  su}>;}5('st, 
)as('d  on  serial  ol)s(*rvations  on  T.  scnii- 
hsciatus,  as  \v<'ll  as  single*  observations  on 
arions  spc'cies,  that  (a)  the*  IlCO^r,  total 
and  pCOj  an*  normally  low,  and  (h) 
lu*  j)H  of  the*  blood  of  the  (*lasmobranch 
lormally  tlu(*tuat(*s  within  a  wid(*r  ran^o 
han  found  in  hi}i;h(*r  v(*rt(*brat(*s  havin”; 
I  hish  conc(*ntration  of  blood  bicarbonate*. 
The*  le*ve*l  e)f  e*ale*ium  in  the*  ble)eKl  was 
)re)bably  ned  intlue*ne*e*el  by  facteers  associ- 
‘te*el  with  aciel-base*  balance*,  althenish  it 
vas  likedy  that  the*  le*ve*l  e)f  the  ultratilte*r- 
ible*  fractiem  was  slightly  higher  when  the* 
,)H  was  low. 

The*  leve*l  e)f  inorganic  pheesphorus  was 
..Iso  more*  variable  than  that  ge*ne*rally 
ioimel  in  higher  ve*rte*brate*s,  <S()  to  S.5%, 


Fiei.  12.  X-ray  diffiaction  patterns  of 
the*  calcifii*'!  vertebra  of  the  sliark,  P. 
glaucn  (rifjlit)  and  syntlH*ti<-  ajeatite  (left). 

The  diffraetion  pattern  of  eartilatje  sliows 
evidenee  of  preferential  orientation  of  tin* 
crystallites;  otherwise,  there*  is  remarkable 
similarity  of  the  shark  mine'ral  and  in  vitro 
bone  mineral.  (('iiK  radiation  and  eame'ra 
with  r  =  2S.7  mm. — prepared  by  1).  Me*- 
C'onnell,  Ph.D.) 

rather  than  t).o  to  100%,  as  in  man,  was  ultratilterable*.  It  is  uidike*ly  that 
ce)lle)ielal  calcium  phosphate*  e*an  account  for  non-ultratitte*rable  phosphate* 
l»e*cause*  it  eliel  not  se*diment  by  ultracentrifugation  anel  the*re*  was  no  par¬ 
tition  of  calcium  apart  from  pre)te*in  bineling.  It  is  very  like*ly  that  an 
•■eiuilibrium  (*xists  be*twe*e*n  fre*e*  anel  non-eliffusible  inorganic  phosphate* 
ions  (21),  pre*sumablv  elue  to  prote'in  bineling  of  inorganic  phosphate* 
(22,23,24). 

The  CaXP  proeluct  of  ultrafiltrates  of  serum  was  2  to  3X  higher  in 
elasmobranchs  than  bony  vertebrates;  the  factor  re*spe)nsible*  for  super- 
>aturation  of  thevse  solutions  with  re*spect  to  calcium  phosphate  re*mains  to 
1  e  e*lucidate'd  by  further  e'xpe*riments. 

The  high  proportion  of  calcium  in  ultrafiltrates  anel  ultracentrifugal 
Mipernatant  fluiels  may  be  attribute*d  to  the*  low  leve*l  of  serum  prote'in 
'"on.sisting  almost  entire'ly  of  globulins).  In  accorelance  with  the  mass  law. 
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using:  tlio  M(*L(“an  and  Hastings  nomogram  (2.’)),  tlio  calcium  ion  coiuam- 
tration  in  a  .s(‘rum  containing  a  total  calcium  ion  concimt ration  of  S.l)  +09 
mc(i.  L,  may  be  estimatc'd  at  o.S  mccj./L.  By  means  of  pcrfu.sion  of  the 
h(‘art  of  the  shark,  the  h'vc'l  of  calcium  ion  was  found  to  measiin*  0.2 
m(‘(j.  L.  The  ultrafilterable  calcium  was  T.o  +  l.O  me(i./ L,  of  which  S29f  , 
as  s(*en  by  tlu*  pcafusion  im+hod,  and  03%  by  mun'xide  method,  is  ionized 
and  non-prot(‘in  bound.  While  1  to  2%  ur(*a  is  a  constituent  of  the  blood 
that  is  essential  for  normal  function  of  the  lu'art  of  the  shark  (20,  27,  2S). 
it  had  no  material  effect  on  th(‘  ionization  of  calcium  or  precipitation  of 
calcium  phosphate  from  .synthetic  shark  phy.siologic  .salt  solutions  (29). 

The  ionic  strength’  of  ultrafiltrate  of  elasmobranch  .serum  was  approxi¬ 
mately  0.3  M.  The  pKs  p-  Ca3(P()4)2  has  been  calculated  in  salt  solutions 
of  ionic  .strengths  of  0.14()  M  to  0.184  M,  the  range  of  human  .serum,  and 
found  decreasing  with  increasing  ionic  stnmgth  in  accordance  with  the 
I)(*bye  and  Hiickel  theory  of  strong  electrolytes  (30).  Similar  data  are  not 
available  for  ionic  .strengths  of  blood  of  elasmobranchii  and  lower  vert(‘- 
brates,  blood,  or  sea  wat(‘r,  in  which  it  is  possible  that  the  activity  coeffi¬ 
cient  and  th(‘  pKs  p ■Ca.,(P()i)2  may  again  ris(‘  if  the.se  solutions  follow  the 
curves  drawn  for  the  I)eby(*  and  lluck(‘l  tlu'ory. 

Uachitic  rat  cartilage  incubat(‘d  in  .solutions  of  .3  M  ionic  strength  with 
Ca  X  P  products  of  oO  produced  4-1-  calcification  (31),  the  .same  as  we  hav(‘ 
described  in  this  report  with  ultrafiltrate  of  shark  serum.  At  ionic  .strengths, 
0.415  M  calcification  was  inhibitt'd  (31);  these*  conditions  can  be  found 
only  in  marine  invert(*brates  and  protochordates  and  it  would  be  of  gr(*at 
interest  to  determine  whether  calcification  of  rachitic  cartilage  would  occur 
in  haemolymph  from  the.se  animals. 

The  concentration  of  calcium  ions  in  the  blood  of  Elasmobranchii  is 
•slightly  more  than  twice  that  found  in  bony  vertebrates.  One  explanation 
for  the  high  tolerance  of  lower  marine  vertebrates  to  relatively  high  levels 
of  calcium  ions  in  blood  and  sea  water  may  be  that  the  effects  of  calcium 
ions  an*  not  due  to  single  ions  but  to  ion  ratios  involving  Xa++,  K++,  Mg+^, 
()H“  and  IE  in  tin*,  solution.  While  this  cannot  be  expressed  in  matln*- 
matical  terms,  it  is  as  a  pharmacologically  meaningful  and  useful  conc(*pt. 
The  concentrations  of  ions  in  the  expre.ssion: 

Xa+  X  C’a++  X  (IH" 

- - - OO  myocardial  irritability 

K+  X  Mg++  X  H  + 

in  the  elasmobranch  an*  roughly  twice  those  found  in  bony  vertebrates, 

*  Ionic  strength,  designated  by  the  letter  “fx,”  in  the  formula  of  Lewis  and  Randall, 
H  —  ^-Oizr  was  calculated  for  phosi)hate-free  physiologic  shark  salt  solutions  and  found 
to  he  0.2997M;  for  artificial  sea  water,  0.6842M;  for  mammalian  Ringer’s  solution. 
0.ir)2;iM.  Phosphate  was  omitted  from  these  solutions  because  of  precipitation  of  cal¬ 
cium  phosphate  in  water  solutions  lacking  in  organic  substances  with  the  effect  of  a 
crystal  formation  inhibitor. 
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Table  18.  Relatio.vshm*  betwee.n  aqi  atic  habiti  .s,  ion  (iRADiEMs,  and  .skeletal 

TISSl'E  OF  VERTEBRATE  ANIMALS 


(meq./L) 


Component 

Sea  water  j 

Cyclostome*! 

Klasmobranch 

Teleo.st  j 

.Man 

Cation 

(iOO 

01!)  1 

20t)  +  urea 

l!)4  1 

155 

Xa 

.it)!) 

558  1 

285 

180 

140 

K 

:u) 

10  1 

10  ' 

5 

5 

Ca 

20 

20  j 

10 

0  1 

5 

Mk 

!).i 

0 

8 

2 

Cl- 

.540 

.570  j 

280  i 

147 

108 

llCOa- 

- 

4 

^  \ 

10 

27 

Inorg.  P* 

0 

8  ! 

8  1 

8 

8 

st)r 

00  ! 

18 

1 

1  i 

1 

Protein  t 

— 

7 

17 

rncalcified 

Calcified 

Cartilage 

C'artil.-ige 

Skeleton 

cartilage 

cartilage 

and  boiu‘ 

and  bone 

I’ereent  Hediiction  of 

_ 

0 

.50 

08 

75 

Blood  Electrolyte 
Percent  Reduction  of 

0 

.50 

75 

75 

Blood  Calcium 

— 

i 

*  Based  on  mean  valeney  of  1.8,  80%  HP()4  and  20%  Il2l*t)4. 
t  Calculated  by  Van  Slyke  Method,  (inis.%  Protein  Xfaetor  of  2.43. 


and  oito-half  those  found  in  cyclostoim'.  Ihuhn-  tlu'.st*  {•iiTUinstancos,  tlu' 
ratio  of  tlu*  ions  to  each  otiu'f  is  tlu*  sanu*  in  all  sp(*(*i{*s.  Tlu*  sensifiviti)  or 
rapacity  of  tlu*  myocardium  to  r(*spond  to  calcium  ion  thus  could  be  in¬ 
fluenced  by  the  pattern  of  the  composition  of  plasma  ions;  with  due  regard 
for  the  physical-chemical  laws  of  solutions,  (*ach  ion  seems  to  lu*  r(*gulated 
separately  by  the  cell  membranes. 

The  calcium  d(*posits  in  the  v(*rt(*bra(*  of  all  of  tlu*  five-gill(*d  sp(*ci(*s  ap- 
l)ear(*d  to  be  determined  by  the  structun*  of  the  cartilage.  In  the  course  of 
(*volution,  the  uncalcifi(*d  v(*rt(*brae  probal)ly  pr(*c(*d(*d  tlu*  calcified,  tlu* 
cyclospondylic  prec(*ded  the  t(*ctospondylic;  tlu*  a.strospondylic  was  tlu* 
latest  development  (32,  33).  Calcification  was  pre.s(*nt  in  the  jaws  but 
absent  in  the  vertebrae  of  tlu*  s(*ven-gill(*d  shark,  X.  wacKlatiis  (34).  Our 
ob.servations  confirm(*d  these*  findings,  r(*v(*al(*d  that  tlu*  composition  of  the 
blood  was  the  same  as  that  of  oth(*r  1‘dasmobranchii,  and  sugg(*st(*d  that  a 
calcifi('d  endosk(*l(*ton  (*volv(*d  with  an  increase  in  the  d(*nsity  of  tlu*  col¬ 
lagen  and  otlu*r  local  factors  of  tlu*  matrix  of  tlu*  cartilage*  ce'lls.  l-ixamina- 
tion  e)f  mineral  in  the*  ske*le‘te)ns  of  sharks,  lungfish,  and  vaiious  bony  verte*- 
l)rate*s  by  X-ray  eliffraction  she)we*el  apatite*  patterns  in  all  instance's  (3.5): 
Our  ob.servations  corroborate*  this  fineling  anel  aelel  the*  e-onclusion  that  the* 
chemical  anel  crystal  .structure*  e)f  the*  apatite*  is  the*  same*  in  the*  kdasnu)- 
branchii  as  founel  in  the  ske*le*ton  of  bony  fishes  anel  higher  ve*rte*brate*s. 

The  implications  of  the  fe)re*ge)ing  work  on  the*  subje*ct  e)f  eveflution  is  of 
2:reat  intere*st.  In  Table*  13  we*  have*  combine*el  the*  elata  in  the*  literature*  on 
the*  marine  cyclostomes  (3(i,  37),  [a  le)we*r  verte*brate  having  no  calcifie*el 
cartilage  anywhere  in  the*  skeleton]  with  enir  elata  on  the*  I'dasmefliranchii 
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and  liigher  vertei)iates.  This  reveals  that  the  percent  reduction  in  the  total 
electrolyte  and  in  the  total  calcium  in  the  blood  was  remarkably  parallel 
0%  In'  animals  with  uncalcified  cartilage,  o0%  by  elasmobranchs  witji 
calcified  cartilage,  and  75%  by  vertebrates  having  bone  in  the  skeleton. 
The  high  level  of  calcium  in  the  blood  of  the  lower  vertebrates  was  as.soci- 
ated  with  a  correspondingly  high  concentration  of  the  total  electrolyte  in 
the  blood,  but  this  did  not  reduce  activity  coefficient  of  calcium  to  ap- 
pn'ciably  lower  levels  in  elasmobranchs  than  in  higher  vertebrates.  The 
results  of  pcnfu.sion  of  the  heart  of  the  shark  and  analyses  by  the  murexidc 
method  sugge.^ited  that  the  elasmolu'anch  is  adapted  to  high  concent  rat  ion^ 
of  calcium  ion  in  the  blood  (29).  One  of  the  specific  functions  of  calcium  ion> 
in  lower  animals  is  concerned  with  the  lowering  of  the  permeability  of  the 
c(‘ll  membraiK's  to  water.  In  higlun-  vert<‘l)rates,  calcium  and  other  cation^ 
to  be  found  in  s(‘a  water  app(‘ar  to  Ix'  stored  in  the  skeleton  to  protect  the 
int(*rnal  environm(*nt  against  change's  in  the  external  environment:  bone 
as  a  tissue'  se'e'ins  to  have'  be'cn  evolve'el  by  the  verte'brate's  as  an  inte'gral 
part  of  their  achie've'ine'iit  e)f  osnmtic  ineU'pendence. 
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INDUCTION  OF  MAMMARY  SECRETION  IN  PREGNAN1 
RATS  AND  RABBITS  BY  IIYDRO(X)RTISONE  ACITATE' 


P.  K.  TALWALKER,  C.  S.  NICOLL  and  J.  MEITES^ 

l)(  pnrtvKiit  of  1‘ltijsiiologii  and  Plwrmnrology,  Michigan  State  rnirersity, 

KaM  Lansing,  Michigan 

ABSTRACT 

A  <losi‘  of  2  niK.  of  hydrocortisono  acctato  (H('A)  por  day,  iiij(Tt('d  durint!; 
tlu'  5-9th  or  9-1 3th  days  of  >?<‘station  in  rats  initiated  mainniary  secretion  on 
tlie  loth  or  14th  days,  n'sjjeetively.  This  tnaitinent  had  no  effect  on  duration 
of  prcfjnaney  or  nuinher  of  viable  yonns  at  birth.  Tlie  same  dose  of  HCA  also 
initiateil  mammary  secretion  in  rats  when  administered  durin}>;  the  9-13tli 
days  of  |)seudoi)regnancy.  All  other  hormones  including  prolactin,  oxytocin, 
ACTH,  and  combinations  of  prolactin  and  AC'TH  or  prolactin  and  oxytocin 
were  ineffective  at  the  dose  levels  used.  A  dose  of  15  111^.  HCA  i)er  day  initi¬ 
ated  coi)ious  milk  secretion  in  rabbits  on  the  20th  or  2lst  <lay  of  i)re>;nancy 
when  administered  during  the  10-1 9th  days  of  pregnancy.  .\  dose  of  1  i.u. 
oxytocin  giv<‘n  3  times  daily  was  ineffective  in  initiating  lactation  in  the 
rabbits.  It  is  suggested  that  the  levels  of  biologically  active  adrenal  gluco¬ 
corticoids  ;nay  not  be  sutficiently  high  during  pregnancy  and  therefore  may 
be  i)artially  resixmsible  for  the  absence  of  mammary  .secretion  during  this 
state. 

Mammary  growth  tak(*.s  place  (luring  pn'gnancy  but  lactation  is 
u.sually  not  initiatcnl  until  about  tlu‘  tinn*  of  parturition.  Thi.s  has 
lu'on  explained  on  the  ba.sis  of  the  int(‘raction  ludwt'en  the  pituitary, 
ovarian  steroids  and  the  mammary  gland  (1).  Both  in  vivo  and  in  vitro 
.studies  have  shown  tliat  adrenal  glucocorticoids  are  e.s.sential  for  initiation 
and  maintcMiance  of  mammary  .sc'cndion  in  rats,  mic(‘  and  guiiu'a  pigs  (1-8), 
and  there  is  evidence  that  adrenal  cortical  function  is  incn'a.sed  following 
parturition  (4).  Cortisone  (0)  and  hydrocortisone  acedate  inj(‘ctions  (0) 
have  also  incr(*ased  (‘stablislu'd  milk  yi(*lds  in  tlu*  post-part um  rat. 

Pn'gnancy  or  administration  of  (*strogens  has  bium  r(‘port(‘d  to  induce 
important  alterations  in  adnmal  .steroid  nudabolism.  Although  (‘strogc'ii 
stimulat(*s  ACTH  secretion  (7),  it  has  b<*en  reported  (a)  to  d(*cr(*as(*  corti- 
co.sterone  or  cortisol  synthesis  in  the  rat,  guinea  pig,  dog  and  man  (8-11) 
(b)  to  increase  the  corticosteroid-binding  protein  (transcortin)  lev(ds  in  tin 
blood  and  transcort in-binding  of  corticosterone  or  cortisol,  and  not  to 

Received  February  14,  19(il. 

'  Published  with  the  approval  of  the  Director  of  the  Michigan  Agricultural  Kxperi 
ment  Station  as  .Journal  Article  No.  2770. 

This  investigation  was  supported  in  part  by  greiit-in-aid  No.  ('-344S  from  the  Na 
tional  Institutes  of  Health  to  .1.  Meites. 


ktober,  UH)1 


HYDUOCORTISONK  AND  LACTATION 


S()3 


ucH'asc  iion-protoin  hound  cortisol  (11-18),  and  (c)  fail  to  nalncc  sisnili- 
antly  the  (‘osinophil  count  in  the  rat,  guinea  pig  and  man  (14-1(),  11). 
M'veral  \vork('rs  have  .suggested  that  only  non-protein  hound  glncocorti- 
oids  ar(‘  biologically  active  (10-18).  The  effects  of  pregnancy  on  adrenal 
teroid  imdaholisin  appear  to  he  comparahle  to  tho.se  produced  hy  estrogem 
11,  18,  17).  Thus  pregnant  rats  and  women  apparently  show  incr(*as(‘d  n*- 
istanc(*  to  tlu*  physiological  and  imdaholic  effects  of  cortisoiu*  (IS,  Ki). 
'h(‘.s(‘  ohsi'rvations  sngg('.st  that  the  levels  of  biologically  active'  adn'iud 
Incocorticoids  may  not  he  .sntficienth’  high  during  pregnancy  and  thereh)i(' 
■lay  h('  partially  responsible  for  the  ah.sence  of  lactation  during  this  state', 
die  present  study  was  undertaken  to  investigate  this  possibility  in  the 
at  anel  rabbit. 


METHODS 

.Mature  virfjin  female  rats  (Carworth,  CFN  strain)  weiKhiiif;  200-22.5  sin.  e'aeli,  were 
!ious(‘il  in  an  air-eonditinneel  room.  Food  and  water  were  available  at  all  times.  Two 
male  rats  were  iilaeaal  with  five'  females  in  each  breeding  ease',  and  the  females  were 
( liecke'd  twiee  daily  for  evidences  of  copulation.  When  a  ee)pulation  jiluff  was  found,  the 
fi'inah'  was  remove*d  and  jilaced  in  an  individiud  caife.  'I’his  was  eonsiderc'd  the  first  day 
Ilf  ])reKnaney.  .\11  injections  were  made  subeutane'ously  in  0.1  ml.  volume's.  Ilydro- 
(ortisone  acetate  (HC.V)  was  supplie'el  as  a  saline  suspe'iision  (2.5  mu.  ml.),  .VCTH 
(  to  F.S.P.  units  ml.)  in  a  ge'l  preparation  and  oxytocin  (2.S0  i.u.  ml.)  in  saline'.  I’rolai'tin 
(1.5  I.u.  m^.)  "as  elissolveel  in  elistilled  water.* 

The  rats  in  Greiups  1-10  were  tre'ate'el  elaily  with  heu  inone's  on  the'  9-13th  elays  of  ine'jf- 
naney  as  sheewn  in  Table  1.  Semie  of  the  rats  be'came  pseueleipre'gnant  ((Ireeups  1 1  anel  12) 
anel  these'  were  given  either  .saline  or  HC.V.  Groups  13  anel  14  were  treate'el  een  the  o-Oth 
days  rather  than  ein  the  9-1 3th  elays  e)f  pre'gnaney.  biopsies  were  pe'rformeel  uneler  either 
anesthesia  een  the  inguinal  mammary  glanels  of  all  rats  of  Groui)s  1-12  on  elay  14  eif  ))reg- 
naney  or  i).'eeuelopre'gnaney.  In  Groups  13  anel  14,  biopsies  were  pe'rfeirme'el  ein  elay  10  of 
pregnaiH'y.  The  methoels  use'el  for  histeileigieal  preparation  eif  the  mmamary  tissues  have 
he'e'n  elese-ribeel  else'where  (19).  The'  rats  were  not  disturbeel  eluring  the  remaineler  eif  preg- 
n.'iney,  anel  the  elay  eef  parturitiem  anel  the  numbe'r  eef  yeiung  born  were  reeeireh'el. 

Female  New  Zealanel  AVhite  rabbits,  weighing  3. .5-4. .5  kg.  eae'h,  were'  treate'el  elaily 
during  the  l()-19th  elays  eif  i)re'gnane'y  (Groups  15-17).  On  elays  20  anel  21,  attempts  were 
inaele  tee  express  milk  freim  the  nipijles.  A  few  rabbits  were  killeel  at  this  time'  anel  their 
mammary  glanels  were  expeise'el  for  jihoteigraphy.  Most  rabbits  were  permitte'd  to  eeen- 
tinue'  their  pregnancies  te)  te'rm,  anel  the  ela\'  of  parturition  in  each  ease  was  reeeereh'el. 

RESULTS 

Only  2  of  10  rats  showed  microscopic  evidence  of  mammary  seen'tion 
"  hen  inj('cted  daily  with  1  mg.  of  HCA  during  the  9-18th  days  of  pregnancy 
(Oroup  8).  However,  2  mg.  of  HCA  p('r  day  initiated  mammary  secretion 
in  all  10  animals  (Croup  4,  Figs.  1  and  2).  HCA  was  etfective  in  initiating 

*  The  authors  wish  to  e'xpress  the'ir  ajipre'eiation  for  gifts  of  heirmoiu's  to  the  Knehee-rine 
tudy  Se'ction,  NIH,  for  predaetin;  the  late  Dr.  D.  A.  .MeGinty,  Parke,  Davis  anel  Co., 
)('tre)it,  for  eixyteiein;  Dr.  L.  Miehauel  e)f  .Merck  Sharpe  anel  Dohme,  Rahway,  New 
e'rsey,  feer  hyelreie'ortisone  acetate;  anel  Dr.  .1.  Stuck!  of  the  I'lJjohn  Cee.,  Kalamazeeo, 
lichigan,  for  .\('TH  ge'l. 
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TaKI.K  1.  ICkKKC’TS  ok  IIOKMONK  TKKATMKNTiS  ON  INITIATION  OK  MAMMAIIV  SKCKKTION 
IN  i*rk(;nant  hats  ani>  rabbits 


( !roui> 

No.  of  aniiiials 

Trc.at  mciil  * 

Xo.  of  animal.'< 
with  secretion 

1 

10 

A’.iy.s 

U-I3th  Dai/x  of  Pri'f/iiniir!/ 

(.'ontrols,  saline 

1  Xd 

0 

•> 

10 

0.5  niji.  Ht'.\ 

1  Xd 

0 

10 

1  nin.  H('A 

1  Xd 

2 

1 

10 

2  mu.  H(;A 

1  X<1 

10 

.“) 

.5 

1  mu.  Frol. 

2X«1 

0 

(» 

.5 

2  in<r.  Frol. 

2X.I 

0 

- 

4 

1  i.i  .  ().\ 

2X<1 

0 

.5 

1  mz.  Frol  -i- 1  i.r.  ' 

2Xd 

0 

;» 

4 

1  r.S.F.  Unit  ACn'H 

2X<1 

0 

1  ) 

.5 

1  inj;.  Frol-f-l  U.S.F.  Unit  .\('TH 

2Xd 

0 

1 1 

4t 

('ontrols,  saline 

1  Xd 

0 

12 

4t 

2  mti.  HCA 

1  Xd 

4 

\:i 

4 

Duns  of  Prr(jiiunrn 
('ontrols,  saline 

1  Xd 

0 

14 

4 

2  mu.  lU'A 

1  X<1 

4 

15 

.5 

H  Mi  HITS 

tUth-lUth  Dui/s  of  Hr(‘(iiiuuc!i 
('ontrols,  saline 

1  Xd 

0 

1(> 

3 

1  i.f.  OX 

3X<1 

0 

17 

S 

15  mu.  H('A 

1  Xd 

■ 

*  HC- A  =  Hydrocortisoiu'  Acetiitc,  Frol.  =  Frolactiii  ( 15  i.r./nin.),  ( )X  =  oxytocin,  tl  =  daily, 
t  F.sciidopn'gnaiit  rats. 


mammary  socndion  as  early  as  tlu*  10th  day  of  pregnancy  when  injectt'd 
(luring  th(‘  o-Otli  days  after  mating  ((  Jroups  Id  and  14,  Figs.  3  and  4).  The 
p.seudoprt'gnant  rats  ((Iroups  11  and  12,  Figs.  5  and  0)  also  showed  mam¬ 
mary  s(‘cr(‘tion  wIkmi  injectt'd  with  2  mg.  HCA  per  day.  The  following 
tn'atments  w(*re  iiu'ffective  in  pivgnant  rats;  saline  ((Jroiip  1);  0.5  mg. 
HCA  pt'r  day  ((Iroup  2) ;  1  or  2  mg.  prolactin  twice  daily  ((Iroups  5  and  0); 
1  i.u.  oxytocin  twice  daily  ((Iroup  7);  1  mg.  prolactin  and  1  i.u.  oxytocin 
twice  daily  ((Iroup  S) ;  1  U.S.P.  unit  ACTH  ((Iroup  0) ;  1  mg.  prolactin  and 
1  U.S.P.  unit  ACTH  twice  daily  ((Iroup  10).  None  of  the.se  treatments  had 
any  effect  on  duration  of  pregnancy  or  number  of  viable  young  at  parturi¬ 
tion. 

In  rabbits,  saliiu*  or  oxytocin  injections  during  the  lO-lOth  days  of 
pregnancy  did  not  initiate  milk  .secretion  (Croups  15  and  10),  while  15 
mg.  HCA  p('r  day  inducc'd  copious  milk  flow  (Croup  17,  Fig.  7).  Consider- 
abh'  milk  could  be  ('xpn'.s.si'd  from  tlu*  nipph's  on  days  20  or  21  of  g('station 
in  7  of  S  rabbits.  Treatmc'nt  with  HCA  in  the  rabbits  had  no  ('ffect  on 
duration  of  pregnancy  or  on  the  condition  of  the  young  at  birth. 

DISCUSSION' 

The  alveoli  of  pregnant  rats  usually  remain  tightly  clo.sed  with  litth 
(!vidence  of  si'cretory  activity  until  about  the  19th  day  (20),  while  in 
rabbits  mammary  secretion  does  not  app(*ar  until  about  the  29th  day  of 
gc'station  (21).  Systemic  inji'ctions  of  prolactin  extracts  have  failed  to 
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P'iGs.  1-6.  Photomicrof'riijOis  of  roprosontativo  sections  of  mammary  {glands.  Xl5(). 

1.  From  rat  treated  with  salim*  during  9-13th  days  of  ])ret;iiaiicy  and  hio])sied  on  14th 
day. 

2.  Same  as  1 ,  but  trc'ated  with  2  nif!;.  HC'.\  i)er  day. 

3.  From  rat  treated  with  saline  during  .5-9th  days  of  i)regnaney  and  l)ioi)sied  on  10th 
day. 

4.  Same  as  3,  but  treated  with  2  mg.  HC’A  j)er  day. 

5.  From  rat  treated  with  saline  during  9-1 3th  days  of  jjseudoirn'gnanry  and  biopsied 
on  14th  day. 

6.  Same  as  .5,  but  treated  with  2  mg.  HC'A  i)er  day. 
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Fig.  7.  Maniifiary  filands  from  rabbits  troatod  durin}>;  16-1 9th  days  and  killed  on  20th 
day  of  pn'nnancy.  Control  animal  alxive  was  injeeted  with  saline  and  shows  no  seeretory 
activity  on  20th  day  of  iircfinaney.  Tlie  rabbit  below  waS  treated  with  15  mg.  HC.V  daily 
and  shows  abundant  lactation.  Normally  developiiif!;  fetuses  were  found  in  the  uterine 
horns  of  both  rabbits. 

initiate*  mammary  secretion  in  pre'gnant  rats,  ral)l)its,  guinea  pigs  and  goats 
unle.s.s  (l(‘atli  of  the*  fetu.s(‘s  or  abortion  was  first  induec'd  (22).  The  prolactin 
preparations  us(‘d  were  not  highly  purified.  A  localized  lactation  was 
initiatc'd  in  pregnant  and  p.s(>udopr(*gnant  rabbit. s  by  intraductal  adminis¬ 
tration  of  prolactin,  but  similar  treatnu'uts  in  pseudopregnant  rabbits  with 
‘‘adrenal  cortical  extract,”  STH,  TSH,  ACTH,  FSH,  ICSH,  oxytocin  or 
va.sopressin  w(*re  ineffective*  (22,  23).  In  virgin  anel  e*stre)ge*n-primeel  rats, 
cortisone  anel  HCA  have*  inelue*e*el  mammary  secretion  and  incre*ase*el  pitui¬ 
tary  prolactin  e*e)nte*nt  (1).  The*  pre*se*nt  e*xpe*rime*nts  elemonstrate*  that 
HCA  aleuu*  can  initiate*  mammary  .se*cre*tion  in  pre*gnant  rats  anel  rabbits 
withenit  any  elisce*rnible*  effect  on  the  eluration  of  pre'gnancy  or  on  the  con- 
elition  or  numbe*r  e)f  young  born.  In  p.se*uelopre*gnant  rats  both  prolactin  as 
well  as  adrenal  cortical  e*xtracts  have  be'en  reporteel  to  be  necessary  to 
initiate  mammary  .se*cre*tion  (24),  but  the  pre*sent  stuely  shows  that  HCA 
alone*  can  initiate*  mammary  secre*tie)n  in  p.seuelopivgnant  rats.  It  has  be*en 
observe*el  that  aelre*nale*e*tomy  eluring  pivgnancy  in  the  rat  does  not  prevent 
initiation  of  a  slight,  transient  lactation  after  parturition,  but  this  may  be* 
elue  to  the  presence  of  placental  anel  fedal  adrenal  factors  (1), 
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Tlu*  inability  of  oxytocin  to  initiate*  inannnary  scen'tion  in  pregnant 
rats  and  rabbits  is  in  agr(‘(‘in(*nt  with  the*  previous  work  showing  that  this 
hormone  does  not  initiate*  mammary  se*e*re*tion  in  the*se*  specie's  (2o).  Tlu* 
elose  of  ACTH  e*mple)ye*el  eliel  not  initiate*  mammary  se*cre*tie)n  in  pre*gnant 
rats,  although  HCA  was  e*fTe*ctive*.  This  may  be*  elue*  te)  eUminisheel  ivspon- 
sive*ness  of  the*  aelre*nal  ce)rte*x  to  AC'TH  stimulation,  as  has  be*e*n  pre*vie)usly 
e)bse*rve*el  eluring  pre*gnane*y  or  afte*r  e*stre)ge*n  aelministration  (S,  9,  lb,  ‘2()). 
Prolactin  alone*  or  in  combination  with  ACTH  also  eliel  not  initiate*  mam¬ 
mary  secre*tion  in  the*  pre*gnant  rat.  This  may  be*  elue  to  inability  of  predactin 
to  act  on  the*  mammary  glanel  in  the*  abse*nce*  of  suffici(*ntly  high  le*ve*ls  e)f 
biedogically  active*  glucocorticoiels,  since*  incre*ase*el  aelre*nal  cortical  secre*- 
tion  as  we*ll  as  prolactin  are*  ne*ce*ssary  to  initiate*  mammary  se*cre*tion  in  the 
rat  (1,  27).  It  is  also  possible*  that  the*  ele)se*  of  .\C'T11  use*el  may  have*  be*e*n 
te)o  low  to  stimulate  the  aelre*nals  aele*epiate*ly. 

The*  pre*gnant  rat  anel  rabbit  appe*ar  to  be*  re*tative*ly  re*sistant  to  se*ve*ral 
e)f  the  biological  e*ffe*cts  of  high  elose*s  of  cortisone  (IS).  A  dose*  of  3  mg.  pe*r 
day  of  cortisone  given  eluring  the*  b-lOth  elays  of  pre*gnancy  to  rats  was 
pre*viously  report e*el  to  have*  no  e*ffe>ct  on  the*  course*  e)f  pre*gnane*y  or  ave*rage* 
we*ight  anel  numbe*r  e)f  young  born  alive*  (2S).  l)ose*s  e)f  e*e)rtise)ne*  as  high  as 
20  or  2.")  mg.  pe*r  elay  also  hael  no  signifie*ant  e*ffe*ct  on  the*  course*  e)f  pre*g- 
nancy,  litter  size*  or  survival  rate*  in  the*  rat,  althenigh  the  ave*rage  we*ight 
of  the*  yening  at  birth  was  re*elue*e‘el  (IS,  20).  lnje*ctie)ns  e)f  10  mg.  pe*r  elay  e)f 
cortisone,  give*n  subcutane*e)usly  eluring  the*  bl-lSth  elays  e)f  pr(*gnancy 
hael  no  e*fTe*ct  on  the*  course*  of  j)re*gnancy  in  rabbits,  while*  abe)rtie)n  anel 
masce*rate*el  fe*tuse*s  were*  e)bse*rve*el  following  intramuscular  inje*ctie)ns  e)f 
20  mg.  pe*r  elay  of  cortisone  (dO).  Subcutane*e)us  inje*ctie)ns  e)f  the*  highe*r 
dose*  we*re*  ned  trie*d  in  the.se*  rabbits. 

The  pre*se*nt  re*sults  sugge*st  that  eluring  pre*gnancy  a  el(*cre*ase*el  .synthe*sis 
anel  or  incre*a.se*el  prote*in  bineling  e)f  aelre*nal  glucoe-orticoiels  may  pre‘ve*nt 
them  from  re*aching  le*ve*ls  sufficie*nt  to  stimulate*  mammary  .se*e‘re*tie)n.  This 
may  be*  elue*  to  the*  high  le*ve*ls  of  e*stre)ge*n  pre*se*nt  eluring  pre*gnancy,  al¬ 
thenigh  proge*ste*rone*  may  also  be*  involve*d  (S).  With  the*  ele*cre*a.se*  in  cir¬ 
culating  le*ve*ls  e)f  ovarian  ste*re)iels  at  parturitiem,  the*  availability  of  bio- 
leigically  active*  glucoceirticoiels  may  ri.se*  (4)  anel  this  toge*the*r  with  the* 
incre*ase*  in  prolactin  se*cre*tie)n  anel  re*me)val  eif  the*  e*stroge*n-pre)ge*ste*re)ne“ 
stimulus  to  mammary  growth  (1)  weiulel  pe*rmit  the*  e)n.se*t  eif  mammary 
.secre'tion. 

Addcndtnn 

\\'e*  re*ce*ntly  inje*cte*el  se*ve*ral  elo.se*.s  of  e*e)rtie*e).ste*re)n(*,  the*  majeir  glucei- 
corticoiel  of  the*  rat  aelre'ual,  into  pre'gnant  rats  (unpublislu'd).  .A  elerse*  eif 
S  mg.  elaily  eluring  the*  0-1‘ltli  days  erf  ge*.statie)n  faile*el  ter  initiate*  mammary 
se*cre*tion  by  the*  14th  elay  in  any  of  (5  rats;  a  elerse*  erf  12  mg.  elaily  prerelue*e*el 
mammary  se*cre*tion  in  2  out  erf  0  rats;  anel  10  mg.  elaily  indue*e*el  mammary 
.se*cre*tion  in  5  erut  erf  'r  rats.  Xerne*  erf  the*  elose*.s  erf  cerrtie*er.ste*rerne‘  inte*rfe*re‘el 
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with  the  courst*  of  go.station.  Tliis  iiulicato.s  that  corticosterone  is  mucli 
less  active  (about  18)  tliaii  HCA  in  producing;  mammary  secretion  in 
pregnant  rats.  The  relatively  high  dose  of  5  U.S.P.  units  of  ACTII,  inject(*d 
twice  daily  during  the  same  p('riod  of  pregnancy,  failed  to  induce  mammary 
s(‘cr(‘tion  in  any  of  o  rats.  In  an  indepcaident  study,  Xandi  and  B(‘rn 
(General  and  ('oniparaiive  Endoerinology,  In  press)  recently  concluded  that 
inadequate  sc'cndion  of  glucocorticoids  is  the  limiting  factor  in  initiating 
mammary  .s(‘cr(‘tion  during  pr(‘gnaticy  in  an  inbred  strain  of  mice. 

REFERENCES 

1.  Mkitks,  .1.:  In  “Roproduction  in  Domestic  .\nimals.”  H.  II.  Cole  and  P.  T.  Cnpps 
(Eds.).  Aeadeinie  Press  Inc.,  New  York,  p.  o39.  1959. 

2.  Eli.\s,  J.  J.  .\xi)  E.  Rivku.\:  Cancer  Research  19:  505.  1959. 

3.  Gr;HRiTsr;N',  (1.  ('.:  Fed.  Froc.  19:  3S4.  1900. 

4.  PouLTON,  H.  R.  .\xi)  R.  P.  Rkixk:  Endocrinology  tl:  217.  1957. 

5.  JoHX.so.v,  R.  ,M.  .\xi)  .1.  Mkitks:  Endocrinology  63:  290.  195S. 

0.  T.\l\\alkku,  P.  K.,  .1.  Mkitks  .\xi)  C.  S.  Xicoll:  Aw.  J.  Idiysiol.  199:  1070.  1900. 
7.  (Jkmzkll.  C.  a.:  Acta  Endocrinol.  11 :  221 .  1952. 

S.  McKkuxs,  K.  W.  .\xi>  P.  H.  Hkll:  In  “Recent  Progri'ss  in  Hormone  Research.” 

G.  Pincus  (Ed.).  Academic  Press  Inc.,  New  York,  j)  .97.  1900. 

9.  Cl.wto.x,  R.  E.  .\xi)  .1.  E.  H.\mm.\xt:  J.  Endocrinol.  15:  255.  1957. 

10.  Exdroczi,  E.,  .T.  Tklkgdy  .\xi)  G.  Rat.\:  Endokrinologic  36:  324.  195S. 

11.  Pktkrsox,  R.  E.:  In  “Recent  Progress  in  Hormone  Research.”  G.  Pincus  (Ed.),  j). 
231.  19.59. 

12.  Mills,  I.  H.ri6id.,  p.  210.  1959. 

13.  Wallack,  E.  Z.  axi)  .\.  ('.  Cartkr:  Clin.  Invest.  39:  (iOl .  19()0. 

14.  C'o.sTK,  F.,  F.  Lavrkxt  and  F.  Dkluarrk:  Compt.  rend.  Sue.  dc  Biol.  145:  83S.  1951. 

15.  Assali,  X.  S.  AXI)  R.  SuvKMOTo:  .Metabolism  3:  303.  19.54. 

10.  Earrizza,  P.  AXI)  .\.  XoTARio:  Ilematologica  36:  399.  19.52. 

17.  Migkox,  C.  .1.,  .1.  Hkrtraxi)  axd  P.  E.  Wall.  ./.  Clin.  Invest.  16:  022.  1957. 

IS.  ('uRRY,  1).  M.  .\xi)  H.  Rkatox:  Endocrinology  63:  155.  19.5S. 

19.  Mkitks,  ,T.,  ('.  S.  Xicoll  axd  P.  K.  Talwalkkr;  Proc.  Soc.  Exp.  Biol,  and  Med. 
101:503.  1959. 

20.  Turxkr.  (’.  W.  AXI)  ,V.  R.  Schultzk:  .Mo.  .\gr.  Expr.  Sta.  Res.  Bull.  157.  1931. 

21 .  La.xk-Claypox,  .1.  E.  and  E.  H.  Starlixg:  Proc.  Roy.  Soc.  B.  77:  505.  1900. 

22.  Mkitks,  .1.  axd  ('.  W.  Turxkr:  .1  w.  J.  Physiol.  150:  394.  1947. 

23.  Rradlky,  T.  R.  and  P.  M.  Clarkk:  ./.  Endocrinol.  14:  2S.  1950. 

24.  Rkkck,  R.  P.:  Proc.  Soc.  Exp.  Biol,  and  .Med.  40:  25.  1939. 

25.  Mkitks,  .1.,  P.  K.  Talwalkkr  .\xd  C.  S.  Xicoll:  Proc.  Soc.  Exp.  Biol,  and  .Med.  105: 
407.  1900. 

20.  Dworktzky,  M.,  ('.  F.  ('odk  axd  G.  M.  Higgins:  Proc.  Soc.  Exp.  Biol,  and  .Med. 
75:201. 1950. 

27.  Cliftox,  K.  H.  axd  ,1.  Furth:  Endocrinology  66:  H93.  1900. 

2S.  Davis,  M.  E.  axd  E.  .T.  Plotz:  Endocrinology  54:  3S4.  1954. 

29.  .Mkuxikr,  .1.  M..  .\.  .1.  Duluc  axd  G.  Maykr:  Compt.  rend.  Soc.  de  Biol.  149:  300. 
1955. 

30.  Robsox.  .1.  M  AXD  .\.  .\.  Siiaraf:  ./.  Physiol.  116:  230.  1952. 


STIMULATION  OF  ANTERIOR  PITUITARY  AND 
(^KREBRAL  (H)RTI('AL  GLUCOSE  OXIDATION 
BY  NEUROIIUMORAL  AGENTS 
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AND  .TAMES  B.  FIELD 
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AHSIHAC T 

Kpiiu‘i)hnnt‘.  norcpineplirinc  and  snrotonin  stimulate  in  vitro  slucose-l-C''^ 
oxidation  to  ('*^02  l>y  anterior  and  jjosterior  pituitary  sliees,  and  cerel)ral 
cortieal  fraf^ments.  'I'lie  idTeet  was  demonstrable  with  1. ^-minute  incubations. 

It  was  not  observed  with  testis  or  liver.  (llucose-()-(’'^  and  pyruvate-2-C'" 
oxidation  were  not  influenced  by  these  aj^ents.  \o  stimulation  of  glucose' 
ujetake  by  epim'phrine  or  serotonin  could  be  demonstrated.  Ergotamine,  di- 
benzyliiu'  and  DC’I  did  not  lelock  the  epinei)hrine  effect  in  the  concentrations 
employc'd,  nor  did  ])reincubation  with  reseri)i!ie  block  the  serotonin  effect. 
Acetylcholiiu',  pitressin,  posterior  pituitary  powder  and  extracts  of  posterior 
pituitary  and  hyi)othalamus  did  not  eidiance  glucose  oxidation  by  the  anterior 
pituitary. 

Many  .studie.s  liavi*  sufrfroste'd  tliat  nourolminoral  agents,  perhaps 
carried  in  the  hypothalamo-hypophysial  portal  circulation,  infiu- 
('iice  tlie  secH'tion  of  tiophic  horinoiu's  by  tlu*  antc'iior  pituitary  gland 
(1).  This  hypotlu'sis  has  Ix'C'n  supj)ort(‘d  by  ('xp('riinents  which  indicate 
that  tlie  release  of  sc'veral  i)ituitary  liorinones  can  l)e  inducc'd  by  systemic 
administration  of  lu'uroliumoral  agc'iits.  Tims,  stimulation  of  adreno- 
corticotrophic  hormone  (AC'TH)  n'least'  by  epim'phriiu'  (2)  and  serotonin 
(J)  has  t)('(‘n  sugg<‘st(‘d  by  the  observation  that  adn'iial  ascorbic  acid  deple¬ 
tion  is  produced  by  these  .substances  in  intact  but  not  in  hypophy.s(*cto- 
mized  animals.  Circulating  thyroi<l  stimulating  hormone  has  also  be('n 
found  to  be  incrc'asc'd  by  epiiu'phriiu'  (4),  as  has  lutc'inizing  hormone  .s('cre- 
tion  (.5). 

B('cau.se  of  tlu'  multii)le  syst(*mic  ('ffects  of  ('piiu'jihrine,  serotonin  and 
other  iK'urohumoral  ag('nts  which  have  b('('n  studied,  it  has  been  difficult 
to  distinguish  a  direct  action  of  th('s('  materials  on  tlu*  anterior  pituitary 
from  effects  ])roduced  by  s('condary  physiologic  adjustments.  The  in  vitro 
demonstration  that  a  hypothalamic  and  neurohypophysial  polypepthh; 
can  induce  reh'ase  of  ACTH  (b,  7)  which  can  be  potentiated  by  non'pi- 
aephrine  (b)  has,  thus,  gn'atly  strengtheiu'd  tla;  hypothesis  of  direct 
lU'urohumoral  control  of  ACTH  .s(‘cretion.  It  has,  in  addition,  emphasizc'd 
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tli(*  valiK*  of  an  in  vitro  approach  to  tiu*  prohh'in  of  nourolmmoral  control 
of  the  pituitary. 

Several  studies  with  other  endocrine  glands  have  suggest(‘d  another  in 
vitro  parameter.  Thus,  the  demonstration  that  spc'cific  trophic  hormom‘> 
inHuence  the  in  vitro  glucose  metabolism  of  thyroid  (S)  and  adrenal  (0) 
sugg(‘st(‘d  that  the  glucose  metabolism  of  the  anterior  pituitary  might  also 
be  alien'd  by  spc'cific  n'gulatory  agents.  Th('  possibility  that  lu'urohumoral 
ag('nts,  if  important  in  regulating  anterior  pituitary  function,  might  mani¬ 
fest  or  ('ven  mediate  this  effect  by  alterations  in  the  glucose*  metabolism  of 
this  gland,  prompte'd  the  following  study. 

E.XPERIMENTAL  PROCEDURES 

licef  l‘HuUnrii 

Hc(‘f  pituitarics,  removed  witliin  l.i  minutes  of  the  saeritiee  of  tlie  animals  hv  exsan- 
fjuination,  were  transi)orted  on  iee  from  the  al)attoir  to  tlie  laboratory.  Within  two  liouis 
of  tlie  death  of  the  animals  the  anterior  jiituitaries  were  trimmi'd,  sejiaratc'd  from  tin 
posterior  and  intermi'diati'  lobi's,  sliced  with  a  Stadie-Hifiss  mierotome,  blotted,  weifijlied. 
and  jihieed  in  flasks  for  ineubation. 

Heeause  of  the  variation  in  glucose  oxidation  in  different  slices  from  the  same  uland, 
and  the  known  liistolonieal  heterogeneity  of  the  anterior  pituitary  >tland,  the  followin}: 
poolintl  jiroeedure  was  f!;enerally  emjiloyed.  1.  Each  fjland  was  bisected  alons  the  mi'dian 
sasiittal  plane.  2.  Sagittal  slices  were  made.  3.  (Iroups  of  b  adjacent  safiittal  slices  were 
sefirefjati'd.  4.  Each  .xliec'  in  the  group  of  six  was  liiseeted.  o.  'I'he  lialvi's  of  the  first  slice 
were  sejia rated  to  begin  on(‘  pair  of  jiiles  and  the  halves  of  the  second  slice  were  separateil 
to  begin  a  second  jiair  of  jiiles.  ti.  'riii*  halves  of  the  following  four  slices  were  then  siajuen- 
tially  adfled  to  the  jiiles  so  that  each  of  the  first  two  jiiles  was  ultimately  derived  from  one 
half  of  sliei's  1,  3,  and  o  and  I'ach  of  the  second  two  jiih's  was  similarly  derivi'd  from  slices 
2,  4,  and  b.  The  glucose  oxulation  of  tlii'  resulting  four  jiiles  was  remarkably  similar  when 
comjiared  in  the  absence  of  stimulating  agents. 

In  each  jiortion  of  an  exjii'riment  one  member  of  each  of  the  two  jiairs  of  jiiles  was 
used  for  a  control  flask,  and  the  other  member  of  each  jiair  for  an  exjierimental  flask  so 
that  dujilicate  exjK'rimental  observations  could  be  comjiared  with  dujilicate  control 
obsiTvations  on  similar  tissue.  For  each  control  flask  then*  was  an  exjierimental  flask 
eontaining  a  virtually  uh'iitieal  aliijuot  of  tissue.  The  weights  of  the  jiiles  in  a  grouji  were 
similar  and  gem'rally  .50  mg.  flask  was  used.  Different  jiooling  jirocedun's  were  occa¬ 
sionally  emjiloyed  and  this  is  indicated  under  the  ajijirojiriate  tables. 

Postt'rior  jiituitaries.  from  which  the  intermediati*  lobe  was  removed,  wi-re  sliced  along 
the  horizontal  jilane  and  4  slici's  wen*  obtained  which  were  biseeti'd  and  sejiarati'd  into  4 
piles,  each  weighing  ajijiroximately  20  mg.,  by  a  similar  jiroci'dure. 

In  general  the  glands  emjiloyed  were  from  non-lactating  cows  but  occasional  exjieri- 
ments  with  stei'rand  bull  jiituitaries  jirovidi'd  similar  results. 

Rot  Tusues 

Fed  mah*  Sjiragiu'-Dawh'y  rats  weighing  1.50-2.50  gm.  were  sacrificed  by  decajiitation. 

Pituitary — Whole  rat  jiituitaries  weighing  ajijiroximately  .5  mg.  were  emjiloyed. 

Hrain — .V  single  slice  comjirising  both  superior  hemicortices  was  remo\ed,  fragmented 
with  foreejis,  and  the  fragments  groujiial  into  4  jiortions  of  similar  weight,  two  of  which 
served  as  controls.  The  weight  of  each  jiortion  in  the  <lifferent  exjieriments  varic'd  from 
1. 5-2.5  mg. 
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T«‘stis — 'file  tunica  allmsinca  was  reunoved  and  ai)i)roxiinatcly  100  iny;.  ali(in<)ts  of 
tnbnlcs  were  separated  by  teasinjt  aiul  added  to  each  flask. 

Liver — Sliciiif;  and  pooling  i)rocednres  similar  to  those  for  the  antc'i  ior  i)itnitary  wen' 
utilized.  100-200  mg.  of  tissue  was  placed  in  each  flask. 

Vreparotion  of  posterior  pituitorp  and  Inipotholooiic  euirorts 

Hc'cf  hypothalami  and  posterior  i)itnitaries.  removed  within  1.5  miiintes  of  tlu'  sacrifice 
of  tlu'  animals,  were  kept  on  ice  and  homogenized  within  3  hours  of  the  (h>ath  of  the 
animals.  The  “hypothalamns"  was  rc'garded  as  that  medial  area  of  the  brain  limitecl 
anteriorly  by  the  o|)tic  chiasm,  jMi.steriorly  by  the  mamillary  bodies  and  sni)eriorly  by 
the  massa  intermedia.  .V  portion  of  the  material  lateral  to  the  hyixdhalamic  nuclei  was 
trimmed  off  before  homogenization. 

1,500  mg.  of  “hyi)othalanuis”  and  1,.500  mg.  of  posterior  i)itnitary  were  each  homoge¬ 
nized  in  1  ml.  chilled  distilled  IL^O.  The  homogenates  were  washed  from  the  homogenizer 
with  4  ml.  chilled  distilled  H/),  sinin  for  10  minutes  at  1 ,000  g.  in  a  refrigerated  centrifuge 
at  0°  ('  and  the  sni)ernatant  was  removed  and  frozim.  0.1  or  0.5  ml.  (tf  the  supernatant 
solution  repres(‘nting  approximately  liO  or  150  mg.  of  tissue  was  used  in  tlu'  experiments 
described.  .\11  experiments  were  done  within  several  days  of  the  jjn'paration  of  the  ex¬ 
tracts. 

lieogents 

(ilucose-l-C^,  glncose-fi-C'^,  and  pyrnvate-2-(''^  were  obtained  from  Orlainlo  Re¬ 
search,  Inc.  (ilncose-l-C^  obtained  from  the  National  Bureau  of  Standards  was  also 
used.  Ritressin  was  obtained  from  Parke,  Davis,  and  ('o.  DCl  (1(H.4  dichloropht'nyl)  2 
i.sopropyl  amin(»  ethanol  H('l),  an  adrenergic  blocking  agent,  was  the  gift  of  Dr.  .Inlins 
Axelrod,  National  Institutes  of  Health.  .Vccdom*  drii'd  p()sterior  i)itnitary  powder  was 
th(‘  gift  of  Dr.  Robert  Bates,  National  Institutes  of  Health.  .Ml  otlu'r  n'agents  wer(‘  ob¬ 
tained  from  usual  commc>rcial  sources.  The  creatinine  sulfate  complex  of  serotonin  (.5-011 
tryptamine)  and  the  bitartrate  salts  of  L-ei)inei)hrin(‘  and  L-nort'pinephrine  wen'  used 
throughout.  ,\11  reagc'iits  were  dissolved  in  Krebs  Ringer  bicarbonate  butter  and  the  pH 
brought  to  7.4  before*  use. 

Incuhotion  nnd  Counting  Procedures 

.Vll  exix'riments  were  done  in  25  ml.  Erlenmeyer  flasks  eepiipped  with  rubber  stoppers 
from  which  glass  center  wells  we're  suspe'iieh'el. 

riie  flasks  we're*  gasse'el  with  95%  ()•.,  5%  C()  >  anel  ine-ubate'e!  in  :i  Dideneeff  me'tabeelic 
shaker  at  37°  (’.  The  eluratieen  e>f  incubatieen  was  30  minute's  unh'ss  edhe'rwise  inelie-ate'd 
in  the  table's.  .Vfte'r  incedeatieen  the*  re'actieen  was  stoppe'el  by  aelelitiem  eef  0.1  ml.  e»f  10 
NH,.S()4.  One*  ml.  eef  hyamine'  (p-(eliise)butyl-e*re'se)xye'theixye'thyl)elime'thylbe'nzylamme)- 
nium  hyelreexide*)  was  aeleh'el  tee  the*  e*e'nte'r  we'lls  anel  the  flasks  we're*  shake'll  for  00  minutes  at 
rexim  tempe'raturi*  tei  trap  ('‘T)..  in  the*  hyamine'.  The*  hyamine  was  then  transierre'e!  tei 
ceninting  vials  using  0.4%  eliphenyleixazeile  in  teilue'iie'  tei  rinse*  the*  e'e'iite'r  wells,  .\elelitieinal 
eliplienyleixazeile*  in  teiluene*  was  aeleh'el  tei  the*  e*e>unting  vial  tei  make*  up  a  Hnal  veiluine*  eif 
15  ml.  The*  vials  were  e*e)unte*el  in  a  Packarel  liepiiel  scintillatiein  e'ounter  anel  re'sults  e'.x- 
presseel  as  ceiunts  jx'r  minute  in  C'*02  generate'el  jx'r  gm.  (we't  weight)  eif  tissue  eluring 
the  total  incubatiem  ix'iioel.  The*  ghu'eise  concentratiem  in  all  raelieiae'tive;  glue-ose*  e'xjie'ri- 
ments  was  75  mg.%  anel  the  veilume  eif  me'ilium  was  2  ml.  Oiu'-half  mie'reie'urie*  glue*ose'-l- 
C*  (apiiroximately  5XHP  c.p.m.)  anel  1.0  micreicurie  gluceise'-O-C'^  (approximate'ly  UP 
e'.p.m.)  were*  aeleh'el  to  the  apiireiiiriate  flasks  unh'ss  eitherwise*  inelii'ate*el  in  the*  table's.  Ti 
('xix'riments  with  raelieiacti  .e  pyruvate  0.5  microcurie  pyruvate'-2-('"  was  use'd  and  the 
jiyruvate  ceme'entratiein  wasO.S  mg.%. 

When  gluceise  uptake  was  measured  the  glucose  eoncentratiem  in  the  flasks  was  100 
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Tabi.k  1.  Ekfkct  of  kpi.skfhrine,  .\()REI’i.\f:i*hkine  and  serotonin  on  cii.rcosE  and 

l>YRl  VATE  OXIDATION  BY  BEEF  ANTERIOR  PITI  ITARY 


Label 

Reagent 

(cpm/gm.) 

Control  Experimental 

I'ixper/Cont  Mean* 
XlOO 

ICpinephrine 

(i,27() 

14,407 

230 

Norepineiihrine 

3,718 

8,320 

224 

( !lucose-l-C“ 

S(‘rotoniii 

5,303 

15,777 

2i>3 

Xa  Hit  art  rate 

5,119 

5,220 

102 

Creatinine  +Na.>S(  >4 

3,848 

3,737 

07 

Epineiihrine 

514 

807 

548 

7t)t) 

107 

05  110 

(!lucose-()-(’u 

1 ,812 

2,204 

127 

Serotonin 

()3t) 

547 

80 

1,138 

1)57 

1 ,458 

000 

128  104 

08 

Epinephrine 

32 , 780 

30,221 

■1®  .4 

l’yruvate-2-('" 

80,153 

ti!»,080 

Serotonin 

30,148 

41 ,013 

08,175 

7 4 , 550 

*  Mfaii  of  Exp/Coiit  X  100. 

All  (lata  are  the  average  of  elosely  agreeing  paired  duplieati's.  The  eoiieeiitration  of  all 
reaKeiits  was  2X10*01.  5X10“  epm  wen*  adchal  to  the  uhieose-l-C'^  Hasks.  10®  cpin  were 
added  to  the  ijlueose-O-t''^  flasks  hut  the  results  W(‘re  dividi'd  hy  2  to  make  the  siieeific 
activity  eoinparahle  to  that  in  the  tjlueose-l-C‘^  experiments.  No  glucose  was  added  to  the 
pyruvate  flasks.  The  variability  in  kIuposi*  oxidation  by  the  controls  for  the  ditTerent  readmits 
in  this  and  subseipient  tables  is  due  to  both  variation  within  and  amon<!  inlands. 


n\^.%  and  incubations  were  for  d  liours.  One  ml.  aliquots  of  the  incubation  nu'dia  were 
deproteinized  by  tin*  method  of  Somofiyi  and  glucose  (}etermined  by  the  method  of 
Somogyi  and  Nelson  (10,  11)  on  du|)licate  aliipiots  of  filtrate.  In  each  experiment  glucose 
(h‘t(“rminations  were  made  on  the  medium  of  flasks  which  had  glucose  with  or  without 
other  n'agents  but  to  which  no  tissue  was  addl'd.  It  was  thus  shown  that  10*^M  ejii- 
nephrine  and  serotonin  did  not  interfere  with  the  reducing  substance  method  employed. 


RESULTS 

Kpinophtine,  non'pinophritie  and  serotonin  stimulate  tlie  oxidation  of 
g;lucose-l-C‘^  to  C"02  Ity  heef  anterior  pituitary  (Table  1).  This  effect  is 


Table  2.  F.ffect  of  varioi  s  concentrations  (if  ecineciirine  and  serotonin  on 

OI.CCOSE-l-C"  ONIDATION  BY  BEEF  ANTERIOR  PITI  ITARY 


Reagent 

('onceniralion 

C'U).. 

('ontrol 

(cpm/gm.) 

lixperimental 

Exper./Cont. 

XlOO 

2.5X10® 

2,032 

5,021 

101 

8X10-® 

3,004 

5,123 

131 

F-liinephrine 

2X10-® 

4,301 

.5 , 852 

133 

2X10-® 

2,047 

3,042 

138 

5X10-' 

0,730 

0,031 

00 

5X10-® 

5,177 

10,702 

207 

Serotonin 

2.5X10*® 

3 , 55.5 

5,9.58 

108 

2X10® 

4,940 

5,418 

110 

.Ml  data  are  the  average  of  closely  agreeing  jiaried  duplicates. 
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Table  3.  The  eekect  of  epinephrine  and  serothnin  on  beef  anterior  pitimtary 

OLI  COSE  OXIDATION  DI  RINO  DIFFERENT  INCI  BATION  PERIODS 


1  furation  of 
incuhation 
(Min.) 

Reagent 

Rostion 

of 

label 

('■lO, 

Control 

(ei)m,gm.)  1 

Experimental 

I'Aper.  /Cont . 
XI 00 

15 

1  ,000 

5 , 835 

307 

30 

Si'rotonin 

Glucose-l-C'^ 

4,701 

13,083 

202 

(>0 

It)  ,f>l  2 

31  ,075 

187 

120 

34,082 

50,277 

174 

180 

10,371 

20,784 

182 

•10 

Serotonin 

(!lueose-()-C‘^ 

5,582 

4,484 

80 

15 

1  ,208 

3,185 

245 

45 

l•4)in('phrin<‘ 

( Ilucose-l-C''^ 

0,270 

14,407 

230 

•to 

15,527 

27,128 

17«o 

180 

44,443 

00,220 

1 50 

00 

l'',pine]>hrin(‘ 

Glueose-l)-('“ 

4,007 

3,820 

81 

Control  and  pxiMTimpiital  data  an*  tlu*  avpra}j'“  of  closply  a^rpcinj;  paired  duplicates, 
l'ipin(‘plirine  eoneentration  was  2X1()“*M  and  serotonin  eonei'iitration  was  IXUP^M.  0.5 
iC.  i{lueose-l-('‘'  or  ulueosi'-O-C'"  was  present  in  each  flask. 


.Icmonslraltlt'  2X10  ''M  cpinopliriiu'  and  2.r)X  serotonin 

(Table  2)  and  is  apparent  at  lo  minutes  (Tal)le  3)  wliieli  was  the  briefest 
duration  of  ineubation  employt'd.  Tlie  efteet  pt'rsists  witli  mort*  prolonf>;ed 
incubations  (Tal)le  3).  Tlu*  oxidation  of  sbu*ose-l-C'^  is  also  stimulated  in 
rat  cerebral  cort(‘x  (Tabh*  4)  and  pituitary  (Table  o)  and,  less  promintmtly, 
in  beef  post(‘rior  pituitary  (Table  5).  C'Kl-i  production  from  slucose-()-C‘^ 
by  b(‘('f  ant(*rior  pituitary  (Tabh*  1)  and  by  rat  cerebral  cortt'x  (Table  4) 

Table  4.  Infli  ence  of  epinephrine,  norepinephrine  and  serotonin  on  oucose 


oxidation  by  rat 

l  EREBRAL  CORTICAL  FRAUXIENTS 

Label 

Reagent 

Conei'iitration 

('•HL  (cpm 

Control 

/fjm.) 

Exper. 

Exi)i“r./ 
Cunt. 
XI 00 

2X10-^M 

82,001 

1 13,502 

137 

( ilucDse-l-('*' 

I'lpinephrim* 

2XMUCM 

34,217 

70,702 

207 

2X10-'>M 

48,31i) 

70,270 

1.58 

2X10-LM 

07,080 

1.30,408 

102 

Serotonin 

2X10-CM 

20,170 

31 ,740 

121 

2X10  •'M 

03,300 

00,200 

105 

Norepinephrine 

1  XIO-LM 

02,304 

80,. 580 

144 

( ilucose-O-C*' 

l']pinephrine 

2X10-LM 

74,458 (0) 

77 ,.5.58  (0) 

104 

Serotonin 

2X10-'M 

05,005  (4) 

(>0,201  (4) 

102 

The  data  repre.sent  the  average  of  paired  duplicate  ol).servations  except  whiu'c  parenthe¬ 
sized  nuinhers,  indicating  a  greater  numher  of  deterniinations,  an*  a])pended.  In  this  latter 
case  groups  of  paired  duplicate  experimental  and  control  ohservations  were  niadt*  and  the 
iverage  of  all  of  these  is  recorded.  The  paireil  duplicate  experimental  and  control  ohserva- 
lions  were  made  on  fragments  from  the  same  ci'rehral  cortex.  Since  the  studies  with  difTereiit 
concentrations  of  reagents  and  with  different ly  labeled  gluco.se  were  madi!  on  different 
tissues,  a  precisi*  (luantitative  comparison  between  these  separate  experiments  cannot  lx* 
made.  5xi0‘  cpm  glucose-l-C”  or  glucose-C-C'^  was  pre.sent  in  each  flask. 
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5.  Sti.mcl.xtion  of 

CM  roSE-I-C*^  OXIDATION  IN  HAT  I'lTl  ITAKY 
POSTEKIOR  IMTI  ITAHY 

.\.\l)  BKEF 

Tissue 

Reagent 

C’oneentration 

C'U 

('ontrol 

(emp  gm.) 

l-'.xperimental 

Kxpi'i-./f'ont. 
XI 00 

Hat  Pit.* 

Serotoidn 

2X10  ‘M 

400, 080 

055 , 023 

100 

Beef  Post. 

ICpinephrine 

23,310 

31 ,054 

13() 

Pit. 

Norepinephrine 

2X10-'M 

1 7 ,4.50 

21 ,042 

121 

Serotonin 

30,453 

01 ,005 

170 

*  Hat  pitiiitarics  \vt‘r<‘  iiicuhatcd  for  45  minutes  in  tlu'  eenter  wells  of  the  flasks  iisiii}. 
(1.2  ml.  of  medium  with  5  X  10^  epm  ftlueo.se- 1-C'” anil  a  total  ftlueose  eoneent  ration  of  71  nift.' , 
Results  are  the  average  of  3  control  and  3  experimental  ohserv’ations.  The  usual  proeedun 
was  followed  with  the  posterior  pituitary  slices. 

was  not  stimulated  in  :R)  ininutt*  ineultations  with  2X10“^M  (‘pint'pliriiK 
or  serotonin.  (51ueos(‘-()-C'^  oxidation  by  anterior  pituitary  was  also  not 
stimulated  in  5)0  minut(‘  incubations  (Tabh*  ;i).  Pyru\’at(‘-2-C'^  oxidation 
by  bet'f  anttaior  pituitary  was  likewist'  not  stimulated  by  2X10'^'M  epi- 
lu'phrine  or  serotonin  in  30  minute  incubations  (Tabh*  1).  Sodium  bitart rat(' 
and  creatiniiK*  plus  Xa^SO,  W(*r(*  without  (*fVect  (Tabh*  1).  Xo  significanl 
(*tT(*ct  of  epin(*phrine  or  s(*rotonin  on  }j:1ucos(*  uptak(*  by  b(*(*f  anterior  pitui¬ 
tary  slic(*s  was  d<*nu)nstrat(*d  in  thr(*(*  hour  incubations  (Tabh*  0). 

Mpin(*phrin(*,  nor(*pin(*phrin(*  and  s(*rotonin  did  not  influ(*nc(*  glucosc*-!- 
oxidation  j)y  rat  t(*stis  whih*,  in  rat  liv(*r,  tin*  cat(*cholamines  cau.s<*d 
slight  inhibition  of  C'h)..  production  (Tabh*  7). 

Ac(*tylcholin(*,  pitr(*ssin  and  post(*rior  pituitary  powd(*r  did  not  inra(*nc(* 
k1ucos(*-1-C'^  oxidation  by  ant(‘rior  pituitary  and  tlu*  sup(*rnatant  from 
homog(*nat(*s  of  hypothalamus  and  posterior  pituitary  caus<*d  slight  inhibi¬ 
tion  (Tabh*  S). 

S(*veral  studi(*s  wen*  done  on  tlu*  influ(*nc(*  of  blocking  ag(*nts  on  tlu* 
obs(*rv(*d  stimulation  of  anterior  pituitary  slic(*s.  Xo  iidiibition  of  tlu* 
stimulation  of  glucos(*-l-(’‘^  oxidation  by  oX10~"M  (*pin(*phrin(*  was  found 
using  3XlO“bM  dibenzyline  or  4X10  DCI.  h'iv(*X  10~'’-M  (*rgotamine 
by  its(*lf  inhibit(*d  gluco.s(*-l-C‘^  oxidation  slightly  but  did  not  iidiibit  tlu* 


T.KBI.K  (».  L.M  K  ok  OK.MOX.STK.VBI.K  KKFKI'T  of  KI’I.SKl’MKINh  .\M)  SKKOTO.MX  0\  liI.rcOSK 
ri’T.XKK  BY  .VNTKKIOR  l‘ITriT.\RV  SLICKS 


Control  mg. 

h'.xperi  mental 

-Mean  differenee 

uptake/gm. 

mg.  uptake/gm. 

±S.K. 

Serotonin  10 

2. 53 

2.01 

0.. 30 +0.38 

i;pine|)hrine  10 

2 . 70 

2.02 

0. 17  ±0.25 

Tissue  was  prepared  hy  liisi'cting  all  the  slices  from  half  of  a  gland  and  using  half  of  these 
for  a  control  and  half  for  an  experimental  flask.  1.50- 200  mg.  of  tissue  was  used  per  flask. 
100  mg.‘,  was  present  in  the  medium.  Ineuhation  duration  was  3  hours.  Haeh  value  is  the 
mean  of  duplicate  .leti'rminations  done  on  (i  flasks.  The  fact  that  the  experimental  and  con¬ 
trol  observations  were  paired  permitted  ealeulation  of  the  ilitTerenee  between  each  paired 
experimental  and  control  observation  and  then  computation  of  the  mean  of  these  ditTerenees 
:ind  of  the  standard  error  of  this  mean. 
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Tabi.k 

;  7.  {’"O-..  l•l{ul)^ CTiox  KKOM  (i 

i.rcosK-l-C'"  KY 

HAT  TKSTIS  AM> 

LIV  KU 

Tissue 

Reiijjeiit 

C’''t>2  (e|)m/{tm.) 

Control  ICxiieri  mental 

l^xper./f'ont. 
XI 00 

l''.piiiepliriiu‘ 

!».5,24(»* 

107 

Testis 

Serutoi.ia 

8tt,2.i7* 

100 

Norepiiiepliriiie 

81  ,.')4() 

77,081 

07 

I'lpinephriiie 

11!>,  134 

101 ,303 

8.i 

Liver 

Norepiiiepliriiie 

121  ,.')33 

101 ,001 

83 

Serotonin 

H)7,()27 

101 ,420 

0.') 

All  data  arc  flic  avcra}?c  of  closely  afjrcciiiK  duplicates  cxcc|)t  for  (*)  where  7  samples  of 
uhiiles  were  olitaiiied  from  1  animal,  3  of  which  were  used  as  controls,  2  for  epinephrine,  and 
for  serotonin.  The  eoneentration  of  all  reanents  was  2Xld~^M.  Testis  was  ineuhated  for 
;()  minutes  and  liver  for  !K)  minutes. 


T.abi.k  8.  (Ji.i cosK-l-C'^ 

OXIDATION  BY  BKEK  ANTEKIOR  PITl 

OF  OTHEK  AOENTS 

ITAKY  IN  THE  1 

I’KKSKXCK 

('oneentration 

('‘O).,  (epm/j{m.) 

Exper./('ont. 
XI 00 

Re;i!;ent 

('oiitrol 

Experimental 

I’itressin 

0.2  1  ./ml. 

5,423 

5,530 

102 

I’ostiU’ior  Pituitary  Powder 

1  .0  nuj./ml. 

1 1  ,  .504 

11,327 

08 

Posterior  Pituitary  llxtraet 

0. 1  ml./2  ml. 

11,321 

8,371 

74 

Ilypotlialamie  Extract 

0. 1  ml./2  ml. 

10,082 

8,0t»4 

84 

Aeetylelioline 

10  AM 

11,227 

1 1 ,721 

104 

The  acetyleludine  was  done  in  trijilieate  and  is  represiuitative  of  a  larffe  numhei-  of  exiieri- 
meiits  showinij  no  elTeet  with  eonemitrations  varyinn  from  10'-  to  10  ^M.  .Ml  other  data  are 
the  average  of  (dosely  aatreeinfj  ])air(‘d  duplicates.  Ineuliation  with  posterior  tiituitary  powder 
was  for  120  minutes,  whereas  in  the  other  experiments  it  was  for  (it)  minutes. 


stimulation  produced  Ity  2X10~^M  opinophrint*.  Pivincubatiou  for  12 
ininutt'.s  with  n'st'rpino  phosphatt*  (1()“'AI)  did  not  inHiuMieo  the  stimula¬ 
tion  induct'd  by  10“^M  serotonin. 

Whereas  duplicate  control  and  expt'rinu'iital  obst'rvations  agrt't'd  vt'ry 
clo.sely  in  all  the  expt'iiments  reportt'd,  variability  in  jrluco.se  oxidation  by 
flijferott  .sets  of  controls,  reflectinfr  variation  within  and  among  glands,  was 
not  avoidt'd  by  the  pooling  procedurt*  employed. 

DISCUSSION' 

The  stimulation  of  glucos(*-l-C'^  oxidation  by  anterior  pituitary  slict's 
which  was  induced  by  epinephriiu*,  norepinephriiu*  and  st'rotonin  rt'prt'sents 
a  possible  biochemical  corrt'late  for  tlu*  propo.sed  phy.siological  influt'iice  of 
'he.se  agents  on  this  gland.  One  might,  however,  appropriately  question 
the  phy.siological  significance  of  this  finding  sinct'  the  conct'iitrations  of 
hese  materials  required  to  product*  an  effect  on  anterior  pituitary  glucose 
)xidation  are  greater  than  those  normally  found  in  circulating  blood.  Thus, 
he  normal  plasma  concentration  of  epinephrine  and  norepinephrine  is  in 
die  range  of  10~®M  (12)  which  is  far  le.ss  than  the  minimal  concentration 
t'quired  to  influence  our  system;  and  whole  lilood  .serotonin,  although 
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norinally  pr(‘s(*nt  in  10  'M  concc'iit  rat  ions,  is  virtually  coinpU'tely  platolci 
hound  (Id).  This  ohjoftion  may  not,  ho\vev(*r,  bo  valid,  since*  the  antcrioi 
pituitary  may  he  expos(*d  to  large'r  concentrations  of  these*  age*nts  thai 
might  he  anticipate*el  from  systemic  hlooel  le*ve*ls.  Thus  hypothalamus  lun 
he*en  shown  to  contain  more*  than  1  tig  of  nore*pinophrine  (14)  anel  .serotonii 
(15)  pe*r  gram  of  tissue  (in  the  range  of  1()“®M)  anel  this  concentration 
which  is  greater  than  that  founel  in  other  ar(*as  of  the  brain,  sugge'sts  that 
the  liypedhalmo-hypophysial  portal  hlooel  perfusing  the  pituitary  may  he 
unusually  rich  in  these  materials.  Furtlmrmore,  the  fineling  (10)  that  the 
pituitary  rapielly  ce)ncentrates  an  acute  intravenous  dose  of  opine^phiine 
more  inte*nse*ly  than  any  othe*r  organ  stuelieel,  anel  to  a  lev(*l  ten  tim(*s  a^ 
gre*at  as  that  founel  in  the  hlemel,  implie*s  that  a  syste*mic  elischarge*  oi 
e*pine*phrine*  may  expose*  the  pituitary  to  far  more  of  this  age*nt  than  is  sug- 
ge*ste*d  by  systemic  plasma  e*once*ntrations.  Finally,  the  fact  that  the 
pituitary  is  a  very  heteroge*ne*ous  tissue*  should  also  he  consielered  whe*n 
evaluating  the  concentrations  of  an  age*nt  requiivel  to  produce  an  eftect  on 
this  tissue  as  a  whede.  Thus  it  is  possible  that  certain  cell  type*s  e)f  the* 
pituitary  may  re*spond  to  smalle*r  concentrations  of  tlmse  agents  than  those* 
founel  necessary  to  proeluce  an  e)hvious  effect  in  a  .slice  which  has  many 
elistinct  and  spe*cialize*d  components. 

The  lack  of  e*ffect  of  the.se  age*nts  on  te'sticular  and  he*patic  gl uco.se*- 1-C" 
eixielation  indicates  that  the  phenomenon  described  is  somewhat  tissue* 
spe*cific  although  in  liver  the  de*gree  of  elilution  of  lahe*le*el  glucose  by 
catecholamine  stimulate*d  glycoge*nolysis  (which  could  lower  the  .specific 
activity  of  the  C()2  ge*nerateel)  was  not  asse*sseel.  It  is  noteworthj',  in  this 
regarel,  that  glycogen  cemlel  not  he  ele*monstrate*el  in  testis,  anterior  pituitary 
or  poste*rior  pituitary.' 

The  ele*mon.stration  e)f  stimulation  of  glucose*- l-C"  oxielation  in  brain 
may  repre*.se*nt  a  hie)che*mical  corre*late  of  the*  many  physiole)gical  eflects 
which  tlu'se  age*nts  have  on  this  organ  (IS).  It  is,  furthe*rmore*,  possible  that 
the  liypothalamus  itse*lf  may  re'sponel  to  the*.se*  age*nts  in  the  .same  manne*r 
as  cerederal  corte*x  anel  anterior  pituitary  and  that  important  endocrine* 
e*ff(‘cts  may  the*n  also  re*.sult  in  this  more  indirect  way. 

Brain  anel  pituitary  are  not,  however,  the  only  tissue  in  which  gluco.se*-!- 
C"  oxielation  is  stimulate*d  by  the*se  materials.  Thus,  it  has  been  shown  (19) 
that  epinephrine,  nore*pinephrine  and  .serotonin  proeluce  a  similar  effe'ct  in 
dog  thyroiel.  Since*  the  minimum  effective  elose  in  thyroid  is  10  'M  for  c*ach 
of  the*.se  agents  (19)  the  greater  sen.sitivity  of  brain  anel  anterior  pituitary 
maintain  for  them  a  ele*gr('e*  of  exclusiveness.  C"()2  production  from  both 
C-1  anel  C-0  labele*el  glucose  has,  furthermore,  be*e*n  stiniulat(*d  in  adipo.se* 
ti.ssue  (20)  by  10*®M  epinephrine.  Since  gluco.se*-0-C''  oxidation  was  pre- 

‘  (Ibcogon  (le'torminations  wore  kindly  i)('rforme*d  Iw  Dr.  Hibbard  Williams  by  tin* 
Anthrono  Method  (17). 
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(loniinaiitly  .stiniulatod  in  adipose  tissue',  whereas  no  stiimdation  of  }j;lueose- 
eould  he  deinonstratc'd  in  pituitary  or  hrain,  the  ineehanisin  of  aetion 
of  ('pinephriiu'  in  these  tissues  may  differ. 

The  mechanism  of  stimulation  of  glucose  oxidation  by  the  cate'chola- 
mines  and  .serotonin  has  not  been  completely  elucidated  by  the.s{‘  .studies. 
The  finding  that  C'^Oo  production  from  glucose-l-C'^  but  not  from  gluco.se'- 
is  stimulated  by  these'  agents  suggests  that  the  he'xos('monophe)sphate' 
pathway  is  being  activate'd,  but  doe's  not  prc'clude  an  effect  on  otlu'r  path¬ 
ways  as  we'll  (21).  Since  an  appreciable  stimulation  of  glucose'-l-C'^  oxiela- 
tion  by  e'pine'phrine  anel  .serotonin  was  re'aelily  elemonstrable  with  thre'e 
henir  incubations  wheivas  no  similar  incre'a.se  in  glucose  uptake  coulel  be 
elemonstrate'el,  one'  must  concluele  that  all  pathways  of  glucei.se'  me'tabolism 
are'  not  influe'iice'el  to  the  .same  e'xte'iit  as  the).se'  which  expre'.ss  themse'lve's  by 
C'Hlj  preeeluction  from  glue*o.se'-l-C'^.  The  fineling  that  pyruvate'-2-C'^ 
eexielation,  me'asureel  in  the'  ab.sence'  of  glucexse'  in  the  me'elium,  is  neh  stimu- 
late'el,  sugge'sts  as  eloe's  the'  glucexse'-O-C'^  elata,  that  the*  tricarbe)xylic  aciel 
cycle  is  not  stimulate'el  by  tlu'se  age'nts,  although  the  po.ssibility  e)f  elilution 
of  the  labe'h'd  pyruvate'  by  incre'ase'el  generation  e)f  unlabe'h'el  pyruvate 
from  e'nele)ge'nenis  substrate's  has  not  been  excluele'el. 

Whe'ivas  the'  e'stablislu'el  e'xistence'  of  a  hexose'mone)phosphate  pathway 
in  anterior  pituitary  (22,  2d)  pe'imits  spe'culatiem  cemcerning  its  stimula¬ 
tion  by  the'.se  neurohumoral  age'iits,  brain  has  be'en  saiel  to  me'tabolize 
glucose'  almost  e'xclusive'ly  via  glycedysis  anel  the  tricarboxylic  aciel  cycle' 
(24,  2o).  The  elemonstratie)!!  (2(5)  that  Synkavite  can  stimulate  gluco.se'-l- 
C'^  but  ne)t  glucose'-()-C'^  eexidation  in  brain  has  be'en  interpre'te'el  to  inelicate' 
that  an  alte'rnate'  route'  e)f  glue‘e)se'  e)xielation  ne)t  appre'ciably  utilize'el  uneler 
basal  conelitions  may  be'  re'udere'el  elemonstrable'  by  certain  ivage'nts.  (4ur 
fineling  that  gluce)se'-l-C‘^  but  not  glue'exse'-ti-C'^  e)xielation  is  stimulate'el  in 
brain  by  catecheelamiiu's  anel  sere)te)nin,  may  also  be'  interpre'te'el  in  this 
manner.  This  fineling  is  particularly  significant  since  the'  re'agents  which  we 
have  employee!  are'  e)f  consielerabh'  phy.siole)gical  significance. 
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TMK  SELECTIVE  TESTICULAR  EFFECTS  OV  C’ERTAIX 
BIS-(DICHL()RC)ACETYL)  DIAMINES 


AUTHUH  L.  BKYLEK,  CJOUDON  0.  POTTS,  FHEDEUICK 
COULSTOX  AXi)  ALEXANDER  R.  SURP.EY 

Sterling-Winlhrop  Kesenrcli  Institute,  Rensselaer,  Xew  York 
ABSTRACT 

X,N'-4-Xylylon(‘-l)is(X-ethyl(lichl()roacotaini(l(*),  Coinpouiul  l,antl  X,X'-his 
(dichloroacetyl)-! .S-ootanu'tliyleiu'diamiiK',  Conipduiid  II,  prodiicc'd  in  rats 
marked  testicular  weight  regression  associated  with  complete  arrest  of  si)erma- 
togenesis.  Compound  11  was  approximately  eight  times  more  active,  i)er  mg., 
than  Compound  I.  At  maximal  effects  the  seminiferous  tid)ules  consisted 
merely  of  a  ring  of  Sertoli  cells  with  spermatogonia  interspersed.  Leydig  cell 
morjjhology  and  androgen  production  were  not  altered  by  antisi)ermatogenic 
doses  of  either  agent. 

The  weight  of  the  adrenal  glands  was  lowered  by  high  doses  of  both  com- 
l)ounds  although  the  adrenals  ai)peared  normal  histologically.  The  jdasma 
corticost(*rone  level  of  chronically  medicat(‘d  rats  was  not  different  from 
that  of  control  animals.  .\lso,  the  rise  in  plasma  <-orticosterone  concentration 
observed  two  hours  after  AC'TH  administration  was  not  altered  by  i)rior 
medication  with  Compound  II. 

Concurrent  injections  of  10  h.u.  jmt  rat  imu-  day  of  commercial  pituittiry 
gonadotrophin  (predominantly  FSH)  tended  to  enhanc(‘  rath(*r  than  n'versc* 
the  testicular  effects  of  Compound  I.  Also,  testosterone  jiropionate  at  2o 
mg./kg.  (lay  increased  the  antispermatogenic  action  of  Compound  II.  al¬ 
though  the  androgen  by  its('lf  did  not  alter  normal  spermatogenesis. 

The  antispermatogenic  activity  of  Compound  I  was  not  block(‘d  by  a- 
tocopherol,  corn  oil,  ascorbic  acid,  calcium  pantothenate',  methioniiu',  cysteine, 
ergothionine,  lysine,  arginine,  histidine  or  spermine  tetrahydrochloride. 
Xeither  compound  block(*d  the  growth  of  microorganisms  when  folic  acid, 
calcium  pantothenate,  vitamin  Bu,  cystine  or  jdienylalanine  wc're  limiting 
nutrilites. 

Various  scrc'ening  tests  indicati'd  that  Compounds  I  and  II  are  not  myo- 
troidiic,  andnjgenic,  estrogenic,  progestational,  nor  glycogenic. 

CERTAIN  mombor.s  of  a  novel  .scM-ie.s  of  ))is-(<li(*hloroa(*(>t yl)  diainiiu's 
svntliosized  (1,2)  in  our  lahoratoiF's  have  hec'ii  observed  (d)  to  eurtail 
spermatog(‘nesis  in  rats,  rabbits,  dogs  and  monkeys  witliout  producing 
discernible  effects  on  other  than  te.sticular  tissue.  hXtensive  toxicological 
studies  indicated  that  these  compounds  exerted  a  degree*  of  selective  effect 
on  sperm  producing  cells  not  attained  her(*tofore  with  agents  .‘^^uch  as 
ethionine  (4)  nitrofurans  (o)  and  various  raeliomimetics  ((>,  7,  8).  These* 
initial  obse*rvations  prompte*el  .stuelie*s  to  de*te*rmine  the*  e*xtent  to  which 

He*cciv('d  Fc'bruarv  20,  1901. 
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erulocrine  factors  miglit  he  involved  in  the  m(‘diation  of  the  antispiamato- 
g(*nic  action  of  n'presentative  his-(dichloroacetyl)  diamines.  Two  types  of 
compounds  are  included  in  this  report. 

The  formula  for  each  is  shown  below; 

Compound  I 

Cl  VAU  C’.lh  Cl 

IK'— C- X  (’ll..-/  V  ('Ih^-X— ('  CH 
/  II  II 

('1  ()  ()  ('1 

X,X'-l)is((lichl(»r(tacctyl)-X,X'-diet  hyl-l,4-xylyleiic(liamiiie 
('ompound  II 

('1  ()  ()  ('1 

\  '!  H  H  11  / 

lie  ('  X  cii..(CH..)6('h..  X  c— CH 

\ 

Cl  \'\ 

X,X'-l)is((li(*hloroacetyl)-l,8-(»ctaineth3’lciu‘diainine 

('ompound  1  is  a  very  potemt  chemotluMapraitic  ag(‘nt  against  amehae 
in  animals  and  man,  wlu'H'as  Compound  II  is  onlv  very  weakly  active',  if 
active  at  all,  as  an  amehicidal  agent  (tl). 

Basic  {jiiestions  towards  which  the  expi'riments  incliuU'd  in  this  report 
were  directe'd  are:  Is  the  hormoiu*  producing  capacity  of  the  testes  aflectc'd 
1)>*  these  agc'iits?  Can  tlie  antispermatogenic  action  of  these  compounds  he 
explaiiu'd  on  the  basis  of  altered  gonadotrophic  function  of  the  pituitary 
or  on  the  basis  of  anv  possible  hormonal  activity?  Is  the  efb'ct  on  sperm 
producing  cells  reve'rsi'd  or  prevented  by  concurn'ut  administration  of 
essential  metabolites? 

The  effect  of  tlu'.se  bis-(dichloroac('tyl)  diamines  on  h'rtilit.v  of  labora- 
toiy  animals,  on  the  course  of  pregnancx’  and  on  embryonic  development 
will  be  the  subject  of  a  subsecpK'ut  report. 

MATERIALS  AND  METHODS 

.Male  and  R'lnali'  rats  of  the  Si)raKue-I)a\vl(‘v  strain  wen*  honsc'd  in  ti'niporatuif- 
n'nulatt'd  and  air-conditioned  (juarters.  Laboratory  chow  and  wat(‘r  were  providi'd  ad 
libitum. 

Effects^  on  hstirulnr  function  and  morphologij.  Male  rats  (170-190  nm'^-)  "ere  used  in 
this  stud.v.  The  test  agc'nts  were  pn‘i)an'd  as  suspensions  in  water  containint>;  1%  gum 
tranacantli.  Compound  I  was  administered  orallv  to  }froui)s  of  mah'  rats  at  dose  levels  of 
12.5,  2.50.  .500  and  1000  mji.  k^;.  and  ('ompound  II  at  02.5.  125  anil  2.50  mf<.  k^.  daily 
I'xcejit  Sundav  for  5  weeks.  'I'he  rats  were  aiitopsii'd  apiiroximatelv  24  hours  after  the 
last  medication  and  tlu'  testi's,  ventral  prostate,  seminal  vesicles,  adrenals,  thvmus  and 
pituitary  were  removi'd.  cleaned  and  weighed  on  a  micro-torsion  balance.  .\t  autopsv. 
the  ti'stes,  adrenals  and  thyroid  filands  were  fixed  in  Zenker-formalin,  sectioned  and 
stained  with  hemotoxylin-eosin.  Initial  and  final  bodj’  weights  were  recorded.  The  anti- 
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s|)(‘rmatof!;i‘iiir  t'ffi'cts  of  those*  tost  iigonts  woro  assossod  on  tho  hasos  t)f  dooroasod  tostiou- 
lar  woiffhts  as  woll  as  on  histolo>>;ioal  ovaluation  of  dof>;roo  of  sponnatoRonio  arrost. 

I'JJfect  of  Cow pounds  1  and  II  on  adrenal  cortical  function.  The*  plasma  oortioostorono 
lov(‘l  of  rats  was  dotorminod  following;  various  pe'iiodsof  inodioation  with  ('omi)onnd  I  or 
II.  Tho  mothod  of  analysis  of  oortioostorono  was  that  d(*sorihod  by  Silbor  el  al.  (15).  'I'ho 
rosi)onsivonoss  of  tho  adn'iial  oortox  to  AC'TH  asoortainod  by  olovatod  plasma  oortioo¬ 
storono  lovols  was  dotorminod  in  malo  rats  modioatod  with  tho  antispormatoRe'iiio  oom- 
pounds  daily  for  3  flays  i)rior  to  .\CTH  ohalloiiRo. 

Pituilnr;/  gonadotrophin  content.  Tho  i)ituitary  Rlands  from  various  oxi)orimontal 
Rroups  won*  jelaood  in  0.9%  salino  and  homoRonizod  in  MoShan-Erway  homoRonizors. 
riit'  homoRonate's  won*  quiok-frozt'ii  on  dry  ioo  and  storod  in  a  froozor  until  roady  for 
assay.  Tho  Ronadotroi)hin  oontont  of  tho  homoRonatos  was  dotorminod  in  youiiR  hypo- 
physootomizod  fomalo  rats  (50-55  Rins.).  Tho  ocpiivalont  of  0.<S3  i)ituitary  Rlands  was 
injootod  suboutanoously  as  0  sjeaood  injootions  ovor  a  72-hour  pc'iiod.  Tho  rats  woro 
aiitopsiod  approximatoly  4S  hours  aftor  tho  last  injootion  and  tin*  ovaries  romovod, 
cloanod  and  woiRhod  on  a  mioro-torsion  balanoo  to  tho  lU'ari'st  O.I  niR.  Tho  results  have 
boon  expressed  as  units  of  Ronadotrophin.  .V  unit  is  (U'finod  as  that  amount  of  Ronado- 
trophin  which  wlu'ii  injootod  acoordiiiR  to  tho  ;d)ovo  dosoribod  i)roooduro  produoos  a 
100%  inoroasi*  in  ovarian  woiRht  ovor  that  ol)sorvod  for  salino  injootoil  control  hypo- 
physi'ctomizc'd  rats. 

lijTcct  of  pituitarg  gonadotrophin  on  antis  pc  rniatogcnic  action  of  Compound  I .  Immature 
malo  rats  (75-85  Rin.)  won*  used  in  this  oxpf'rimont.  ('omi)ound  I  was  administorod  orally 
l)y  stomach  tube  to  3  Rroups  of  7  rats  each  at  dose  h'vols  of  125,  250  and  500  inR./kR. 
daily  except  Sunday  for  3  weeks.  Tho  druR  was  Riven  as  a  fine  sus|)onsion  in  1%  Rum 
traRaoanth.  Throe  other  Rroni)s  pf  7  rats  taioh,  which  also  roooivod  Compound  1  at  dose 
lovols  of  125,  250  and  500  uiR./kR.,  woro  Riven  in  addition  10  K.u.  per  rat  of  i)ituitary 
Ronadotroidiin  (Seiuibb.  predominantly  FSH)  as  a  suboutanoous  injootion  daily  except 
Sunday  for  3  weeks.  .Vnothor  Rrou])  of  7  rats  roof'ivod  tho  pituitary  Ronadotrophin  alone. 
Seven  other  rats  which  roooivod  tho  vohiolo  only  sorvc'd  as  controls,  d'ho  rats  won*  anto])- 
siod  on  tho  22nd  oxi)(‘rimontal  day,  api)roximatoly  24  hours  aftor  tho  last  medication, 
rin*  tostc's  and  ventral  prostate  woro  romovod,  cloanod  and  woiRhod  on  a  mioro-torsion 
balanoo.  Tho  ti'stos  woro  fixed  in  Zonkor-formalin,  sootionod  ami  stainotl  with  homa- 
toxylin-oosin. 

The  combined  cJTccts  of  Compound  II  and  testosterone  propiomde  on  testes  of  j/oung  mate 
rats.  YouiiR  malo  rats  woiRhiiiR  1()()-125  Rin.  woro  dividf'd  into  four  Rroups  of  10  rats  (‘aoh. 
One  Rioup  was  used  for  oontnd  and  roooivod  diluents  only,  (’ompound  11,  125  niR.  kR. 
ilay,  was  administf'rod  orally  to  two  Rroups,  one  of  which  in  addition  was  injootod  sub- 
l  utanoously  with  tostostorono  i)roi)ionato  at  a  dose  of  25  niR.  kR.  day.  .V  fourth  Rroup 
roooivod  tostostorono  propionate  alone.  Medications  worf*  administorod  oonourn'iitly  six 
•  lays  a  week  for  3  weeks.  At  autopsy  solootod  orRans  woro  woiRhod  and  fixed  as  dosoribod 
above. 

Attempts  to  prevent  the  antispermatogenic  ejfeets  of  Compound  I.  .Vttomijts  woro  nnuU* 
to  prevent  tho  antisj)ormatoRonio  offoots  produced  by  tho  oral  administration  of  Com- 
'  pound  I  to  adult  malo  rats  (170-191)  Rin.)  at  a  dose  level  of  500  niR.  kR.  daily  oxoo])t 

I  Sunday  for  3  wcM'ks.  Dietary  suiiiilomonts  used  and  tho  poroontaRo  lovi'ls  in  tho  dii't  wi'ro 

as  follows:  calcium  iiantothonio  acid,  0.04;  ascorbic  acid,  0.03  and  0.13;  mothioniiu*,  0.33 
and  1.3;  oystoino,  1.0;  lysine,  1.0;  aiRinino,  1.0;  and  histadino,  1.0.  .Vlso,  a-tooophorol 
aootato  (200  niR.,  kR./day);  orRothionino  (10  iur.  Tr.  day),  spormino  totrahydroohlorido. 
I  1 10  inR./kR.Alay)  and  corn  oil  (1  ml./rat/day)  woro  administorod  suboutanoously  or 

I  orally  oonourront  with  Compound  I.  Tho  rats  woro  autoiisiod  aiiiiroximatoly  24  hours 

aftor  tho  last  inodioation  and  tho  tostos  romovod,  cloanod  and  woiRhod.  d'ho  testes  woro 
fixed  in  Zonkor-formalin,  sectioned  and  stained  with  homotoxylin-oosin.  Testicular 
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wi'ifilits  and  liistolnf^ifal  c-valiiatinn  of  representative*  s(*etions  served  as  the  basis  for 
assessment  of  ))revention  of  antispermatoKenie  effects. 

Assessment  of  hormonnl  effects.  Increases  in  the  weight  of  the  levator  ani  muscle  and 
ventral  jirostate  glands  of  immature  castrated  male  rats  were  used  as  indi«*es  for  assess- 
nu'iit  of  myotrojehic  and  androgenic  activities,  resjeectively  (10).  Estrogenic  activity  wa> 
determined  on  the  basis  of  the  cornification  response  of  the  vaginal  epithelium  of  cas¬ 
trated  h'lnale  rats  (11).  Stimulation  of  uterine  growth  of  immature  female  rats  (40-4.‘ 
gm.)  was  use<l  to  assess  ut(‘rotrophic  activity  (12).  Proliferation  of  the  endometrium  o! 
the  estrogi'ii  jjrimed  immature  rabbit  uterus  as  described  by  McPhail  (13)  was  used  foi 
assessnn'iit  of  i)rog(‘stational  activity.  Compounds  1  and  II  were  studi(‘d  for  their  abilit;. 
to  (h'posit  liver  glvcogen  in  adrenalectomized  rats  according  to  the  method  of  Olson  et  ol 
(14). 

RESULTS 

1)  Effects  on  testicular  morphology  and  function.  Daily  oral  iiK'dication  ot 
youiiK  matun*  nialo  rats  for  thnn*  \v(*(‘ks  with  Coinpouiul  I  or  Conipouiul  1 1 
pro(liK*(*(l  mark(‘(l  testicular  weight  regrc'ssioii  (cf.  Table  1).  Compound  II 
was  approximately  (“ight  times  mon*  potc'iit  than  Compound  I  in  this  re¬ 
spect.  Gro.s.sly,  tlu*  testes  from  treat(*d  rats  appc'ared  hyper(*mic  and  were 
(piite  flaccid  wlu'u  compr(‘.s.s('d.  Histologically,  tlu^  spermatogenic  cells 
exhil)it(‘d  deg(‘nerative  change's  which  iii  d('gr(*(*  were  related  to  size  of  do.si*. 
Proc('('ding  from  low  to  high  doses  tlu*  following  tubular  change's  were*  ap- 
pare'iit:  1)  disai)p(‘arance*  of  spe'rmatiels  and  “cap  cells,”  2)  re*duction  in 
numbe*r  e)f  .se'conelary  spe*rmatoe*yte  cells,  3)  appe*arance  of  giant  cells  among 
a  sparse*  pe)pulatie)n  e)f  primary  spe*rmate)cyte*s,  and  finally  4)  a  ring  of 
tubular  basal  e*e*lls  e*e)mpe)s(*d  e)f  S(*rte)li  ce*lls  inter.sperse'd  with  sperma¬ 
togonia.  As  tlu'.se*  stage's  of  spe*rmate)genic  arre*st  progresseul,  the  dimensions 
e)f  the*  se'ininife'rous  tubuh's  de'cre*a.s(*el  so  that  at  full  e'ffe'Ct  the  cross-.sec- 
tional  area  was  ge'iu'rally  I  to  ^  that  e)f  tubules  from  control  rats.  The 
inte*rstitial  (L(*yelig)  c(*lls  at  all  dose*  h've'ls  e)f  e'ither  compound  appe'an'd 
ne)rmal  in  appe*aranc(*.  lIe)W(*v(*r,  the  numbe*r  of  intc'rstitial  cedis  p(*r  rnicro- 
se*opic  fie'lel  was  ne)tie*(*ably  gr(*ate‘r  in  te*ste*s  from  rats  tivate'el  with  12.') 
mg. /kg.  e)f  ('ompenind  II  or  1000  mg.  kg.  of  Compounel  I  compareel  with 
te'stie-ular  se'ctions  from  normal  rats.  The*  obse*rve'el  eliff(*r(*ne*e  upon  pre¬ 
liminary  e*stimatie)n  woulel  app(*ar  to  be*  gre*ate*r  than  coulel  be*  accountc'd 
for  e)n  the*  basis  e)f  a  ce)ne*e*ntratie)n  (*fy(*ct  elite*  to  the  marke*tl  re*eluction  in 
size*  of  the*  t(*st(*s.  Many  etf  the*  above*  ele*.scribe*el  te*sticular  change*s  can  be 
.se*e*n  in  Figure*s  1  thremgh  S. 

lCvieIe*nce*  that  the*  hormone*  .se*cre*ting  e*apacity  eif  the  teste*s  was  noi 
elisturbe*el  by  me*elication  with  bis-(elichlore)ae*e*tyl)  eliamine*s  was  e)btaine*(! 
from  analysis  eif  the*  se*x  acce*.s.sory  eirgan  weights  pre*se*nte*el  in  Table  1.  Tin 
elata  show  that  the*  we*ights  of  the*  ve*ntral  prostate  and  seminal  vesicle* 
we*re*  neit  significantly  eliffe*re*nt  frenn  re*spe*ctive*  control  weights  (P>.0.)) 
It  shoulel  be*  note*el,  he)we*ve*r,  that  the*  ve*ntral  pro.state  glands  showeel  ; 
te*nele*ncy  to  be*come*  smaller  with  incre*asing  elose*s,  particularly  with  Com 
pemnel  I.  This  trenel  may  be*  a  re*fle*ctie)n  eif  the  slight  .suppre*ssie)n  of  boel; 
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T.XRr.K  2.  Pl.ASMA  COKTICOSTKKONK  I.KVKI.  OF  MAI.K  UATS  ’IKKATKI) 
WITH  BIS-(|)ICHI.OROA(  KTYI,)  DIAMINKS 


1 

('(iin|ii)iin(l 

1  )ose, 

iiiK.  ,  kK./day 

Duration 
of  test 

_  j 

.Niindier 
of  rats 

Plasma  eortieosterone 
ji!{./1(H)  ml. 
Slean  ±S.i;. 

Nolle  ^ 

0  ^ 

3  wks. 

11 

131  ±11 

( 'ollipoilixl  1  J 

.')()() 

3  wks. 

" 

123  ±10 

Nolle 

<•  1 

12  wks. 

a 

1.t8  +  13 

('oinpoiind  II 

(12  .  .A 

12  wks. 

-> 

l(i()±  11.0 

None 

(1 

3  days 

(i 

1  45  ±  3 

ACTII' 

4  units' 

3  days 

(1 

85  ±  3 

ACTII -t-Coinpouiid  II 

4  iinits-t-12o 

3  days 

,  4 

112  +  4 

‘  HP  Act har®'  (id  adiniiiislorFd  siiliciitaiu-ously  on  tlic  tliinl  day  ot‘  tin*  i‘xpcrinu“nl . 


\v(‘iKlit  Kdip  r(*(*or(l<‘(l.  If  so,  it  is  intcrostinfj;  to  note*  that  tlu*  s<‘niinal  vosich's 
(lid  not  r(‘fl(‘ct  tliis  chanfjc*. 

2)  EjJcctH  ott  oilier  endoerine  itryous.  Tlu*  im'an  \V(‘t  wc'iglits  of  tlu*  adre¬ 
nals,  thymus  and  pituitari(‘s  from  tlu‘  ('xp(‘rim(*ntal  animals  ar(‘  pr(*sent(‘d 
in  Tal)l(‘  1.  Th(‘  adivnal  glands  of  rats  m(‘dicat(*d  with  high  dos(‘s  of  Com¬ 
pound  I  or  II  wen*  notiec'ahly  smaller  than  the  control  glands.  Histologi¬ 
cally,  tlu*  smaller  glands  exhil)it(*d  no  r(*adily  apparent  ditT(*r(*ne(*  from 
normal  adr(*nals.  Plasma  eortieost(*ron(*  levels  of  male  rats  m(*di{*at(*d 
daily  (*xeept  Sunday  for  12  we(*ks  with  (>2.5  mg./ kg.  of  Compound  IlAven* 
not  ditf(*r(‘nt  from  those  of  unm(*dicat(*d  control  rats.  Also,  Compound  I 
(*xert(*d  no  (*neet  on  plasma  corticost(*ron(*  lev(*ls  of  rats  m(*dicat(*d  for 
thr(*(*  weeks  with  500  mg.  kg./ day.  In  acut(*  exp(*riments  nu*dication  of 
male  rats  with  Compound  II  thr(*e  days  prior  to  ACTII  inj(*(*tions  did  not 
modify  tlu*  adrenal  ivsponse  to  the  trophic  hormone  as  evidenced  by 
(*levat(*d  plasma  corticost(*rone  concentrations.  (Th(*se  data  an*  shown  in 
Table  2.)  The  fact  that  the  thymic  w(*ights  of  nu*dicat(*d  animals  (cf. 
Table  1)  were  not  significantly  diff(*n*nt  from  control  thymic  w{*ights  lends 
support  to  the  evidence  that  adrenal  cortical  function,  at  l(*ast  as  it  relates 
to  the  production  of  glucocorticoids,  is  not  altered  by  these  bis-(dichloro- 
acetyl)  diamines. 

The  data  in  Table  1  indicate  that  the  weight  of  the  pituitary  glands  was 
not  modifi(*d  by  the  test  drugs.  Important  in  this  connection  are  the  ob¬ 
servations  that  the  gonadotrophin  content  of  pituitaries  from  male  rats 
nu'dicated  with  Compound  I  or  II  was  within  normal  limits  as  can  be 
ascertained  from  the  data  in  Table  8. 

lixamination  of  the  thyroid  glands  in  situ  as  well  as  histological  studi(*s 
revealed  no  discernible  diff(*renc(*s  in  appearance  and  cellular  archit(*cture 
of  thyroid  tissue  from  control  and  medicated  rats. 

8)  The  effect  of  pituitary  gonadotrophin  on  antispermatogenie  action  of  bis- 
(dichloroacetyl)  diamines.  Even  though  available  evidence  sugg(‘st(*d  that 
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TaBLK  3.  TiIK  (iONADOTKOIMIlN  CONTK.NT  OK  ITn' IT  A  HI  K.S  KKOM  MAI.K  HATS 
AD.MINI.STKRKI)  BIS-(DICllI,ORACKTYI,)  1)1  A  MINKS 


lCxi)«‘riiiu'Ut:il 

fjioup 

1  lose, 

iu>:.  /kj;.  /(lav  1 

1 

I’itiiitary 
weiftht  (inn.)  i 
Mcan+S.l';.  j 

1 

Nunilx'i- 1 

of  ))itui-  1 
tari<“.>< 
p('r 

liypox.  j 
rat  1 

(loiuidotn 

Ovarian 

wcijilit 

(III)?-) 

ipliin  content 

,  rnits/ 

'  /  i  100  mn. 

piliii-  pitui- 

lary  , 

('oiitrol  ' 

0 

10.4+  ..50 

0.83 

20 . 0  ±  2  .  ()•' 

3.00 

28.8 

('ompoiiiul  I 

2.50  (im 

10.4  ±  ..58 

;  0.83 

2.5 .7  +2.0 

2.82 

27.1 

.500  (10  ) 

10.5+  .5.5 

0.83 

1  31.0+2.4 

3.05 

34.8 

1000  (10) 

11.5±  .40 

0 . 83 

20. 7  ±1.8 

2.08 

i  25 . 0 

Coni  rol 

0  (0) 

,  11.0+  .41 

0 . 83 

23.8+2.5' 

3.01 

32.8 

Coiupouiid  li 

02 . 5  (0) 

10.8±  1  .2 

0 . 83 

24.1  ±2.4 

3.74 

32 . 5 

1  125.0(5) 

I1.4±  .30 

0.83 

28.7+2.3 

4.40 

.38.0 

‘  A  unit  of  troiiaiioti'ophiii  is  doKiiod  as  tiiat  ainoiiiit  of  conadotrophiii  which  wlicii  in¬ 
jected  siibciitaiieoiisly  as  ti  spaced  iiijeetioiis  over  a  72  hr.  jieriod  produces  a  100'/,  increase 
over  control  in  widght  of  ovaries  of  hypophyseetoinized  rats  weif'hinn  oO-OO  itins. 

*  The  iiumher  in  jiareiitlieses  indicates  nuinher  of  animals  in  each  uroiii). 

^  Ovarian  weight  of  control  hypophyseetoinized  uroup:  7.7  ±  .15. 

■*  Ovarian  weifjht  of  control  hypophyseetoinized  i;rou|>:  5.0 +.10. 

pituitary  {gonadotrophic  fimction  was  not  alttot'd  by  Compound  1  or  II, 
th<*  possibility  rtnuained  that  tlu*  action  of  {Jionadotropliin,  particularly  of 
FSIl,  on  tlu'  seminiferous  tnbnh's  mi{^ht  In*  blocked  by  thest'  a{>;ents  and 
that  th(‘  blockadt*  mi{>;ht  lx*  ovt'rcome  partially,  if  not  completely,  by  ad- 
niinisterin{5  lar{>:e  do.st's  of  {jbiiadotrophin.  To  test  this  po.ssibility  innnatnrt* 
malt*  rats  wert'  adminisltMt'd  ('omponnd  I  daily  for  thret'  w(*eks  with  and 
without  a  conmu'icial  i^repartition  of  pituitary  {jonadotrophin  containin{>; 
pr(*dominantly  FSII.  Tht*  rt'snlts  of  this  (‘xperiment  art*  pn'sented  in  Tabh' 
4.  Compound  I  at  oral  dost*  h'vels  of  12o,  2r)()  and  oOO  m{>:.  k{>;.  administt'rt'd 
daily  (‘xcept  Sundays  for  If  wt'cks  brou{>;ht  about  hi{>:hly  si{!;nilicant  (P  <.01) 
w(“i{5ht  r('{^r<‘.ssive  chan{5('s  of  the  testes  without  affectin{j;  the  wei{»;ht  of  tlu* 
ventral  prostate  {^land.  The  concurr(*nt  inj<‘Ction  of  pituitary  {?onado- 
trophin  (FSII)  at  a  do.s('  l(*v('l  of  10  r.u.  rat  did  not  prevent  the  testicular 
wei{);ht  reduction  observed  with  the  diamine.  It  should  be  not(*d  that  tlu* 
mean  t(*sticular  wei{j;ht  of  the  rats  which  received  the  combination  of  {gon¬ 
adotrophin  and  Compound  I  was  less  in  each  instance  than  that  of  the  cor- 
r(*spondin{>;  {?roup  of  rats  administenul  the  dru{?  alone.  The  mean  diff(‘renc(‘s, 
how(‘ver,  w(‘re  not  statistically  si{?nificant. 

The  marked  wei{?ht  incrc'ase  of  the  ventral  prostate  {glands  which  ac- 
compani(‘d  the  gonadotrophin  regimen  indicates  that  this  particular  pr(*pa- 
ration  of  gonadotrophin  contaiiu'd  considerable  amounts  of  interstitial 
cell  stimulating  hormone  (ICSII).  The  observed  prostate  weight  increase* 
was  not  significantly  altered  by  concurrent  treatment  with  Compound  I 
dthough  a  trend  towards  a  weight  r(*duction  was  noticeable. 

The  residts  of  this  experiment  indicate  that  a  phy.siologically  active  dose 
if  pituitary  gonadotrophin  did  not  pr(*v’ent  the  testicular  effect  of  tlu* 
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TaBI.K  4.  TiIK  fO.MBINK!)  KBKKCTS  <»K  COMBOr  \  l>  1  AM)  I’lTL'ITAKY  CiOX  ABOTKOI’HIN  <)\ 
TKSTK  I  LAK  AM)  VKNTRAL  PROSTATK  WEKiHTS  OK  YOI  NO  MAEK  HATS 


Dose 

Pituitary 

Coin])oun(l  I,  gonadotrophin 
mg. /kg.,  (lay,  (FSH), 

i.g.  Cnits/rat/day, 

s.c. 

No. 

of 

rats 

Body  w( 
(gms 

Initial 

ight 

) 

Final 

Organ  weights  (Mean±S.K.) 

Testes 

(gm.) 

V.  prostate 
(mg.) 

0 

0 

7 

SO 

108 

2 . 5.5  ±  .0() 

74. 2±  8.5 

125 

0 

0 

SO 

103 

1 .00  ±  .  10' 

78.5  ±  5.4 

2.5U 

0 

5 

79 

105 

1 .87  ± .20 

03.2  +  11.0 

.500 

0 

5 

SO 

lot) 

1..50±  .10 

81  .0  ±20.0 

0 

10 

4 

so 

207 

2.47  ± .08 

103.8120.8 

125 

10 

7 

70 

100 

1 .78 ± .102 

150.0110.1 

250 

10 

80 

182 

1.33+  .10 

153.8112.0 

.500 

10 

0 

80 

187 

1 .25±  .07 

141.1  ±12.8 

•  The  singly  underlinod  values  are  statistically  dilTereiit  from  the  respective  iioii-medi- 
cated  control  values  with  P  value  of  0.02  or  less 

*  The  douhly  underlined  values  are  statistically  different  from  the  resjjeetive  FSH 
treat(“d  control  values  with  P  value  of  0.02  or  less. 


anti.spt'imatoKonic  agtoit.  Neither  did  Compound  I  interfere  witli  the 
interstitial  cell  stimulating  propt'rties  of  the  particular  gonadotrophin 
preparation  list'd. 

The  above  described  gross  morphological  changes  were  reflected  in 
histological  sections  of  the  testes  shown  in  Figures  9  through  16.  Tht* 
s(*minif(*rous  tubules  from  testes  of  rats  mt'dicated  with  Compound  I  gen¬ 
erally  wt'i’t'  smaller  in  diameter  than  normal  and  contained  very  few  cells 
advanced  beyond  the  primary  spermatocytt'  stage  of  development  (Figs.  11 
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Figs.  1  and  2.  Testicular  .sections  of  control  rat  showing  normal  spermatogenesis 
and  cellular  architecture.  H  and  E,  XlOO  and  X430. 

Figs.  3  and  4.  Testicular  sections  of  experimental  rat  after  21  days  of  oral  medication 
with  1000  mg.,  kg.  day  of  Compound  I.  Notice  the  decreased  diameter  of  the  seminifer¬ 
ous  tubules,  the  sparce  poimlation  of  sperm  producing  cells,  an  occasional  giant  cell  and 
an  abundance  of  interstitial  tissue.  H  and  E,  XlOO  and  X430. 

Figs.  5  and  6.  Testicular  sections  of  experimental  rat  after  21  days  of  oral  medication 
with  02.5  mg.  kg., day  of  Compound  11.  The  tubules  are  devoid  of  fully  formed  sperm 
and  few  cells  have  advanced  beyond  the  primary  spermatocyte  stage.  Interstitial  cells 
appear  normal.  Hand  E,  XlOO  and  X430. 

Figs.  7  ami  8.  Sections  of  testis  from  a  rat  medicated  orally  for  21  days  with  Com- 
l)ound  II  at  125  mg.,  kg.  day  showing  marked  tubular  degeneration,  giant  cells  and 
abundant  interstitial  tissue.  H  and  E,  XlOO  and  X430. 
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and  12).  The  concurrent  adminif'tration  of  gonadotrophin  appeared  to  en- 
liance  the  te.sticular  eft'ects  of  the  substituted  diamine  in  that  most  of  the 
tubules  consisted  merely  of  a  thin  ring  of  Sertoli  cells  and  spermatogonia 
with  an  occasional  giant  cell.  In  addition,  the  tubules  were  smaller  than 
those  of  rats  medicated  with  Compound  I  alone.  The  apparent  enhance¬ 
ment  l)y  pituitary  gonadotrophin  of  the  antispermatogenic  effect  of  Com¬ 
pound  1  correlated  with  the  testicular  weight  dilTerences  reported  above. 

4)  The  combined  ejjeets  of  Compound  II  and  testosterone  propionate  on 
testes  of  young  male  rats.  Compound  II  at  125  mg./kg./day,  orally,  over  a 
21-day  period  produced  a  mark(‘d  decreas(‘  of  testicular  weight  as  indicated 
in  Table  5.  Histologically,  the  diameter  of  the  seminiferous  tubules  was 
considerably  reduced  and  the  cell  population  within  the  tubules  was  com- 
posi'd  mainly  of  speimatogonia  and  primary  spermatocytes.  The  inter¬ 
stitial  cells  appeared  normal.  The  weights  of  the  sex  accessory  organs, 
thymus,  adrenal  and  pituitary  were  not  altered. 

The  testicular  wcaght  of  testosterone  treated  rats  was  significantly  less 
than  that  of  control  animals.  The  seminiferous  tul)ules  were  smaller  in 
cross  .section  but  spcTinatogenesis  was  fully  maintained.  The  lumina  of 
many  tubules  were  filled  with  sperm  creating  the  characteristic  “swirl”  of 
clo.'^ely  packed  sp('rm  tails.  The  interstitial  cells  were  sparse  and  pyknotic. 
.Vs  expected,  t(‘stosterone  propionate  at  25  mg./kg./day  produced  marked 
stimulation  of  the  .sex  accessory  organs  and  considerable  reduction  in 
thymus  weight  (cf.  Table  5). 

The  testes  of  rats  medicated  concurrently  with  Compound  II  and 
testosterone  propionate  were  gr(‘atly  reduced  in  size  and  weight  (Table  5). 
The  seminiferous  tubules  were  small  in  diameter  and  sparsely  populated 
with  sperm  producing  cells.  In  many  tubules  only  an  occasional  spermato¬ 
gonia  could  be  seen  among  Sertoli  cells  giving  the  tubules  the  appearance  of 
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Figs.  9  and  10.  Sections  of  tes'.is  of  control  rat  showing  active  spermatogensis  and 
normal  cellular  architecture.  H  and  E,  XlOO  and  X430. 

Figs.  11  and  12.  Testicular  sections  of  experimental  rat  medicated  orally  for  21  day.- 
with  Compound  I  at  500  mg./kg./day.  Spermatogenesis  is  arrested  at  the  primar\ 
spermatocyte  stage.  Some  tubules  contain  a  few  scattered  secondary  spermatocytes.  Tin 
interstitial  tissue  appears  normal.  H  and  E,  XlOO  and  X430. 

Figs.  13  and  14.  Testicular  sections  of  experimental  rat  medicated  for  21  days  with  .i 
combination  of  Compound  I  at  500  mg./kg./day,  orally,  and  pituitary  gonadotrophin  at 
10  rat  units/rat/day,  subcutaneously.  The  small  ring-like  seminiferous  tubules  in  most 
instances  consist  merely  of  a  basement  membrane  with  an  overlying  row  of  spermato¬ 
gonia  and  Sertoli  cells.  The  interstitial  tissue  is  plentiful.  H  and  E,  XlOO  and  X430. 

Figs.  15  and  16.  Sections  of  testis  of  rat  injected  with  pituitary  gonadotrophin  over  r 
21  day  period  at  a  dose  level  of  10  rat  units/rat/day.  Spermatogenesis  is  active  througl 
all  stages.  H  and  E,  XlOO  and  X430. 
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I  tliin  ring-like  structures.  In  other  tul)ules  inarki'd  degenerative  clianges 
were  noticed  evidenced  by  tlie  coalescing  of  spermatocytes  to  form  “giant 
cells”  many  of  which  contained  from  10  to  20  nuclei.  The  number  of  inter- 
[  stitial  cells  per  microscopic  field  was  gn^ater  than  that  seen  in  the  testo- 

;  sterone  treated  .series.  However,  the  app<‘arance  of  the  Leydig  cells  was 

>imilar  to  that  observed  following  androg(*n  treatment  in  that  many  of 
?  these  cells  were  irregularly  shaped  and  pyknotic.  The  te.stosterone  induced 
changes  in  the  sex  accessory  organs  and  thymus  were  not  modific'd  by  con¬ 
current  oral  admini.stration  of  Compound  II. 

These  results  indicate  that  the  antispermatogenic  action  of  Compound 
II  was  increased  by  concurrent  injection  of  testosteroiu'  propionate  at  a 
i  do.se  level  of  25  mg.  kg.  day  which  dose*  by  itself  permitt('d  normal  sper¬ 
matogenesis. 

I  5)  Attempts  to  prevent  the  testieular  ejfeets  of  ('om pound  /.  Concurrent 

admini.stration  of  a-tocopherol,  corn  oil,  ascorbic  acid,  calcium  panto- 
L  thenate,  methionine,  cysteine,  ergothionine,  spermine,  lysine,  arginine  or 

;  histidine  did  not  prevent  the  testicular  weight  regr(*ssion  produced  in  rats 

by  Compound  I.  Histologically,  the  antispermatogenic  effect  of  this  dia- 
:  mine  was  not  altered  by  any  of  the  above  agents. 

6)  Antimetabolite  studies  ivith  Compound  I  and  II  and  Win  Con- 

'  centrations  of  200  meg.  of  Compound  I  or  II  per  ml.  of  incubation  medium 
I  did  not  inhibit  the  growth  of  S.  faecalis  (#8048),  L.  casei,  L.  leishmania 

:  (#7830),  L.  mesenteroides  (P-()0)  or  L.  arabinosus  (17-5)  when  folic  acid, 

calcium  pantothenate,  B^,  cystine  or  phenylalanine,  respectively,  wen* 
employed  as  the  limiting  nutrilite. 

7)  Tests  for  hormonal  aetivities.  Neither  of  the.se  antispi'rmatogenic 
agents  increased  the  size  of  the  levator  ani,  ventral  prostate  or  .seminal 
vesicles  of  young  castrated  rats.  The  vaginal  epithelium  of  castrated  fe¬ 
male  rats  remained  atrophic  during  medication  with  Compound  I  or  II. 
Neither  compound  was  uterotrophic  in  immature  rats;  nor  did  the  endo¬ 
metrium  of  e.strogen-primed  young  rabbits  exhibit  progestational  pro- 

i:  liferation  following  medication  with  these  agents.  The  glycogen  content 

■  of  livers  of  adrenalectomized  rats  was  not  altered  during  fasting.  These* 
observations  indicate  that  Compounds  I  and  II  are  not  myotrophic, 
androgenic,  e.strogenic,  progestational  nor  glycogenic. 

i;  DISCUSSION 

The  results  of  toxicological  and  allied  studies  reporte'd  (‘arlier  (3)  with 
these  bis-(dichloroacetyl)  diamines  indicated  that  sp(*rm  producing  cells 

I  may  be  the  only  mammalian  tissue;  e*le‘me*nts  vulnerable  to  che*mie*al  attack 

by  tlu'se  agents.  The  antispe‘rmate)ge*nic  dose*  le*ve*ls  range*d  from  31  te)  500 
mg./kg.  where*as  the  acute  oral  LDsn  in  mie*e*  was  e)bse*rve*el  to  be*  gre*ate‘r 
than  12,000  mg.  kg.  This  markeel  elifTerene*e  in  elose  reepiiiuel  for  te*sticular 
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effects  compared  with  the  amount  which  can  l)e  tolerated  by  animals  indi¬ 
cates  the  extent  to  which  the  sperm  cells  are  selectively  attacked.  Unlik(‘ 
most  other  cells  of  the  body,  the  sperm  producing  cells  of  the  testes  depc'nd 
upon  an  adequate  balance  between  gonadotrophic  and  testicular  hormoiu's 
for  maintenance  of  a  high  level  of  proliferative  activity  (1(5,  17,  IS,  ID). 
The  extent  to  which  .spermatogenesis  is  depcuident  upon  the.s(*  hormonal 
influences  has  not  been  clearly  established.  It  is  evident  from  the  studi(*s 
reported  here  that  the  administration  of  pituitary  gonadotrophin  (pre¬ 
dominantly  FSH)  does  not  prevent  tlu*  antispermatogenic  effects  of  these 
agents.  In  fact,  the  gonadotrophin  appeared  to  enhance  the  testicular 
effects  of  Compound  I.  This  enhancement  by  gonadotrophin,  if  real,  could 
be  the  re.sult  of  1)  a  direct  effect  whereby  the  gonadotrophin  could  spe(‘d 
up  the  rate  of  depletion  of  tubular  components  by  increasing  the  prolifera¬ 
tion  of  sperm  producing  cells  which  then  become  susceptible  to  the  selective 
action  of  the  diamine  or  2)  an  indirect  effect  in  some  way  related  to  altera¬ 
tion  in  pituitary  or  gonadal  hormone  production.  The  latter  po.ssibility  is 
corroborated  by  the  observation  that  te.stosterone  propionate  also  enhanced 
the  antispermatogenic  effects  of  Compound  II  even  though  when  given 
alone  the  androgen  permitted  the  maintenance  of  normal  .spermatogenic 
activity.  The  ability  of  testosterone  to  enhance  the  antispermatogenic 
activity  of  bis-(dichloroacetyl)  diamines  may  be  due  to  an  increased  n*- 
quirement  by  the  sperm  producing  cells  for  one  or  more  metabolites  the 
utilization  or  synthesis  of  which  is  blocked  by  the  antispermatog(‘nic 
diamines. 

Failure  to  reverse  the  antispermatogenic  effects  of  bis-(dichloroacetyl) 
diamines  by  concurrent  administration  of  various  nutrients  and  metabo¬ 
lites  .selected  somewhat  arbitrarily  suggests  that  the  alleged  limiting  m(‘- 
tabolite  may  be  relatively  .specific  for  .sperm  producing  cells.  In  this  respc'ct 
the  site  of  action  of  the  bis-(dichloroacetyl)  diamines  would  appear  to  be 
different  from  tliat  indicated  for  other  substances  known  to  have  anti¬ 
spermatogenic  activity.  Kllman  et  al.  (20)  have  reported  that  the  anti- 
.spermatog(“nic  action  of  nitrofurans  was  prevented  by  supplementing  the 
diet  with  cysteine.  Methionine  is  known  (21,  22)  to  prevent  the  anti¬ 
spermatogenic  as  well  as  other  toxic  (effects  of  ethionine.  Neither  cysteiiK' 
nor  methionine  prevented  the  te.sticular  effects  of  bis-(dichloroacetyl) 
diamines.  A  variety  of  drugs  ari*  reported  (0,  7,  8)  to  arrest  sp(‘rmatog(‘nesis 
by  exerting  a  radiomimetic  effect  on  sperm  producing  cells.  Notable  among 
the.se  is  the  compound  triethyh'nemelamine  (TFM).  Apparently  TFM 
(‘xerts  a  damaging  effect  upon  mature  spermatozoa  as  well  as  upon  .sp(‘rma- 
togonia  whereas  the  compounds  of  the  present  series  exert  their  primary 
effect  upon  spermatocytes.  The  results  of  studies  to  be  reported  in  a  sul)S(‘- 
qiKuit  pap(“r  indicate  that  sterility  is  induced  in  male  rats  only  aft(‘r  suffi¬ 
cient  time  has  elapsed  for  the  compounds  to  disrupt  spermatogenesis. 

It  is  concluded  that  the  bis-(dichloroacetyl)  diamines  constitute  a  class 
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of  compounds  with  marked  antispcrmatogenic  activity  divorced  from 
significant  effects  upon  other  tissues  of  the  body.  It  is  anticipated  that 
future  investigations  of  the  actions  of  these  diamines  will  provide  informa¬ 
tion  which  will  contribute  materially  to  the  understanding  and  control  of 
the  biochemical  and  physiological  aspects  of  spermatogenesis  and  male 
reproductive  phenomena. 
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TSH  REBOUND  PHENOMENON  IN  THE 
RAT  ADENOHYPOPHYSIS^ 

SAVING  A.  D’ANGELO 

Daniel  Baugh  Instilute  of  Anatomy,  Jefferson  Medical  College,  Philadelphia,  Pennsylvania 

ABSTRACT 

'riu'  dynamics  of  |)ituitary  TSH  secretion  have  been  studied  in  tlu*  female  rat 
throughout  jirolonsed  s‘>itrogenesis  (3  weeks  to  one  year)  and  during  readjust¬ 
ment  of  the  j)ituitary-thyroid  system  after  removal  of  the  goitrostmic  stimulus 
(2-21  days).  TSH  levels  in  sera  of  rats  5-15  months  old  are  relatively  constant 
hut  hormone  concentration  in  the  adenohypophysis  is  more  variable  and  falls 
substantially  in  the  old  animal.  With  chronic  PTC  treatment,  blood  thyro- 
trophin  levels  increase  70-300%  and  pituitary  hormonal  stores  decrease  to  less 
than  5%  of  normal.  Cloitrogen  withdrawal  n'sults  in  heightened  accumulation 
of  hormom*  stores  in  the  pituitary  (4-8  fold  increase)  with  peak  of  rebound  at 
0-12  days.  TSH  rebound  in  the  adenoliypophysis  is  associated  with  return  of 
.\F-i)ositive  glycoprotein  granulation  in  the  thyroidectomy  cell.  Blood  TSH 
titers  during  pituitary  repletion  remain  at  nearly  normal  levels.  Doses  of  tri- 
iotlothyronine  and  thyroxine  which  normally  induce  almost  comi)lete  dis- 
appearance,of  thyrotrophin  from  blood  and  hypophysis  are  relatively  ineffective 
in  i)reventing  the  TSH  rebound  phenomenon  in  goitrous  rats.  The  rebound 
effect  is  not  induced  in  normal  rats  10  days  after  cessation  of  thyroid  hormone 
treatment. 

A  “differential  threshold”  hypothesis  of  thyroid  hormone  function  is  pro- 
pf)sed  to  exjdain  the  asynchronism  in  the  dynamics  of  TSH  secretion  after  goi- 
trogen  withdrawal.  It  is  postulated  that  the  momentum  of  TSH  hypcTsecretion 
in  the  pituitary  temi)orarily  “overshoots”  despite  release  from  P'lT’  and  that 
the  synthetic  and  storage  jjhases  an*  abnormally  sensitive*  at  this  time  to  the 
low  level  of  thyroid  hormone  produced  by  the  unblocked  gland.  With  subse¬ 
quent  rise  in  circulating  levels  of  thyroid  hormone,  production  and  release  of 
'I’SH  are  brought  into  balance  and  a  steady  state  is  re-established.  Further  in¬ 
crease  in  thyroid  hormone  to  excessive  levels  inhibits  both  .synthesis  and  release 
of  thyrotrophin  by  the  adenohypophysis. 

CUMUL.VTIVE  offort.s  by  many  invo.stigators  have  clearly  e.stablislied 
for  the  rodent  the  complex  pattern  of  pituitary-thyroid  interaction 
and  the  relation.ship  of  the  hypothalamus  to  it  (1-3).  Inability  to  measure 
rates  of  thyrotrophin  secretion  by  the  adenohypophysis  still  po.ses  a  hin¬ 
drance  to  unravelment  of  the  mechanisms  governing  the  interplay.  Some 
aspects  of  this  problem  have  received  partial  clarification  from  recent 
studi(*s  on  the  hypothalamo-hypophysial-thyroid  apparatus  of  the  rat. 
I'ixpc'ri mental  analysis  of  the  neuro('ndocrine  relationship  by  electrocautery 
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and  correlation  of  blood  and  pituitary  TSH  levels  with  thyroid  activity 
permitted  (piantitative  definition  of  the  contribution  made  by  lU'ural  and 
tllandular  components  of  the  system  (4-o).  The  hypothalamus  was  found 
to  have  a  modulating  influence  on  thyrotrophin  secretion  but  apparently 
little  or  none  on  the  pituitary-thyroid  servomechanism  itself.  Lc'sions 
normally  interh'ring  with  pituitary  TSH  function  did  not  prevemt  massive* 
discharge*  e)f  the  hormone  with  propylthiouracil  tre*atme*nt  nor  hinde*r  its 
l■e*accumulation  after  goitrogen  withelrawal.  In  the  latter  instance,  TSll 
I'ontent  of  the*  adenohypophy.sis  rebounde*d  to  unusually  high  le*ve*ls,  sug¬ 
gesting  temporary  a.synchronism  in  thyrotrophin  secretion. 

The  ineluction  of  pituitary  TSH  rebound  in  goitrous  rats  following  re*- 
moval  of  the  goitrogenic  stimulus  represents  an  experime*ntal  approach 
through  which  the  .syntlmtic,  storage  anel  release  phases  of  tre)phic  hormone 
secretion  might  be  profitably  studie*d.  The  pre.sent  investigation  attempts 
to  asse*.ss  the  .significance  of  the  rebound  phenomenon  and  the  dynamics  of 
thyrotrophin  .s('cretion  throughout  prolonged  goitrog(*nesis  and  during  n*- 
iiabilitation  of  the  pituitary-thyroid  .system.  The  duration  of  tlu*  TSH 
(■tT(*ct  and  tlu*  s(*(iu(*ntial  chang(*.s  in  hormone  lev(*l.s  in  tlu*  circulation  will 
1)(*  d(*termin(*d  .simultaneously  and  corr(*lat(*d  further  with  cGncurr(*nt 
morphologic  alterations  in  thyroid  and  adenohypophysis.  The  (*fl‘ects  of 
normally  suppressive*  doses  of  exogenous  thyroid  hormone  on  pituitary 
rSH  function  will  also  be  tested  in  normal  and  in  goitrous  rats  during  the 
rebound  phase.  Some  of  the  results  have  already  been  descril)ed  (()).- 

MATERIALS  AND  METHODS 

.Vl)l)i()xiinati*ly  300  albino  female  rats  (Wistar  strain)  ranging  from  .5-15  months  of 
age  (17.5-450.  gm  body  weight)  were  used  in  the  e.\p(*riments.  (Jroups  A-H  sc'rvc'd  as 
normal  w('ight  and  age  controls  to  exp(*rimental  groups  1-M  which  were  fed  pro))yl- 
thiouraeil  (PTl';  .1%)  in  the  ration  of  Purina  Dog  C'heekers  for  ])eriods  of  lS-130  days. 
The  basic  diet  and  taj)  water  were  always  available  in  unrestricted  amounts.  Changes  in 
pituitary  and  serum  TSH  levels  after  goitrogen  withdrawal  were  studie;!  in  5  oth(*r 
groups  (X-R)  of  10  rats  each  (30- .50  days  on  PTC)  byreturning  them  to  tin*  normal  diet 
for  periods  of  3-20  days  before  sacrifice.  The  effects  of  exogenous  tliyroid  hormom's  on 
rSH  rebound  in  the  adenohypophysis  were  tested  in  two  long  term  ex|)eriments.  In  the 
first,  rats  which  had  been  on  PTC  for  90  days  were  returm*d  to  the  normal  diet  and  were 
•idministered  daily  lO^K <>f  sodium  L-triiodothyroinne  (T3)  in  physiological  saline  (pM  S..5) 
•or  10  days  to  the  end  of  the  experiment  by  subcutaneous  injection.  \  goitrous  control 
grou])  similarly  released  from  thyroid  block  was  given  saline  (.5  ml.).  .Ml  animals  were 
killed  20-24  hours  after  the  last  injection.  The  inhibitory  effect  of  thyroid  hormone  on 
I'SH  secretion  was  similarly  tested  in  2  groups  of  non-goitrous  rats.  One  group  was 
given  10  /ag  of  triiodothyronine  daily,  for  10  days,  to  the  end  of  the  experiment.  Rats 
if  tlie  other  group  received  the  same  hormone  treatment  but  were  continued  for  10 
dditional  days  on  saline  injections  before  sacrifice.  The  api)roach  in  the  second  exi)eri- 
aent  was  similar  except  in  two  respects.  Duration  of  PTl'  treatment  ladore  withdrawal 


Present(“d  at  the  41st  meeting  of  the  Endocrine  Society,  Atlantic  City,  Xew  .Jc'rscy, 
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approximated  one  year  and  sodium  L-thyroxine  (T4;  10  ng,  10  days)  was  injected  instead 
of  triiodothyronine. 

Blood  was  obtained  b\'  cardiac  puncture  under  light  ether  anesthesia  just  prior  to 
killing.  Pooled  sera  from  rats  of  each  group  were  frozen  until  ready  for  TSH  assay. 
-Anterior  pituitary  extracts  were  made  by  homogenization  and  extraction  of  6-10  adeno¬ 
hypophyses  in  acidified  saline  and  were  assayed  for  TSH  in  the  stasis  tadpole  (7).  Test 
animals  (Rana  clamitans)  received  an  extract  equivalent  of  .1-.2  mg.  of  fresh  pituitary 
or  .25-.30  ml.  serum  over  a  4-5  day  injection  period.  -At  least  3  dose  levels  of  the  U.S.P 
Reference  Standard  were  tested  in  parallel  bioassay  experiments.  TSH  content  of  sera 
and  pituitary  was  estimated  from  the  standard  log-dose  response  curve  and  the  data  so 
obtained  were  subjected  to  an  analysis  of  variance.  -At  autopsy,  the  thyroid  and  other 
endocrine  glands  were  quickly  and  cleanly  dissected,  weighed  to  .1  mg.  on  a  torsion 
balance  and  prepared  for  microscopic  study.  The  cellular  structure  of  the  adeno¬ 
hypophysis  was  evaluated  after  Helly  or  Susa  fixation  (Halmi  modification)  on  paraffin 
sections  cut  serially  at  3  micra  through  the  horizontal  plane.  Masson  staining  was  used 
for  routine  differentiation  of  cellular  tj'pes  in  the  pars  distalis.  Identification  of  the  baso¬ 
philic  varieties  was  done  with  the  periodic  acid-Schiff  (PAS)  method  and  the  aldehyde- 
fuchsin  (-AF)  staining  technic  of  Gomori.  All  data  were  evaluated  statistically.  Standard 
error  of  the  mean  was  calculated  from  the  formula  S.E.  =  \/EdVN(N  — 1).  Fisher  “T’’ 
tables  were  used  to  assess  levels  of  significance. 

RESULTS 

Pituitary-thyroid  function  with  chronic  PTU  treatment 

TSH  levels  in  sera  were  found  to  be  relatively  constant  in  both  youn^ 
and  old  untreated  normal  rats.  Mean  concentrations  ranged  from  67  to 
100  mu.  per  100  ml.  of  serum  with  a  consistent  tendency  for  higher  values 
in  old  animals  (Table  1;  Groups  F-H).  The  average  concentration  for  all 


Table  1.  TSH  content  of  seru.m  and  adenohypophysis  in  normal  and 
GOITROUS  RATS 


Mean 
body 
wei  lilt 
(«•) 
±S.E. 

Mean  tfland  weight 
Mg./ 100  gm.  body 

TSH  assay 

No. 

_ 

.Adenohypophysis* 

Group 

of 

on 

PTU 

Serum 
mu./lOO 
ml.  IS.E. 

aTii- 

mals 

Thvroid 

I'S.E. 

.Adeno¬ 
hypophy¬ 
sis  1  S.E. 

mu. /mg. 
IS.E. 

mu./ 

gland 

IS.E. 

Normal: 

A 

10 

204  +  1.5 

7.0+  .4 

4.51  .3 

80  +  12 

85+23 

782+51 

li 

9 

202  +  12 

6 .  t)  +  .3 

3.2+3 

70  +  10 

50  +  13 

325+30 

C 

12 

231  +10 

7.4+  .3 

4.0  +  .3 

67+8 

55  +  18 

506+38 

I) 

17 

2.53  +  17 

7.1  +  .2 

3.71  .2 

70+7 

100+20 

936+50 

E 

30 

247  ±  8 

6.2+  .2 

4.4  1  .2 

— 

66+30 

726+33 

F 

11 

270  +  10 

6.1+  .5 

4.3  +  .3 

100  +  11 

70  +  15 

875  +51) 

G 

15 

320+  9 

5.4+  .2 

3.81  .2 

100+  8 

15+  5 

182+  9 

H 

11 

376  ±12 

6.81  .4 

4.1  1  .2 

90110 

41  1 

601  3 

PTU: 

I 

12 

213115 

18 

19.8  +  1.0 

4.6+  .3 

130+20. 

12.0+5.0 

118+  8 

J 

10 

204  +  8 

20 

29.3+2.0 

4.8+  .4 

150  +  17 

2.4+  .3 

24+2 

K 

19 

251  +2.5 

.30  35 

25.7+3.0 

4.71  .2 

120+20 

2.3+  .8 

28+2 

L 

19 

255  +  10 

5J-60 

34.1  +2.5 

4.6+  .2 

160+20 

1.0+  .1 

14+  1 

M 

14 

262110 

90-130 

46.5+4.0 

6.61  .4 

240138 

3.011.0 

54  1  3 

*  Mean  TSH  concentration  and  content  of  the  “average”  adenohypophysis  (wet  weight) 
expressed  in  U.S.P.  mu. 
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Table  2.  TSH  levels  in  serum  am>  aoenohypoimiysis  after  PTE  withdrawal 


(Iroup 

1  );ivs  off 
PTE 

Mean  gland  weight 
(Mg./ 100  gm.  body 

Thyroid  Adenohypoph- 

±S.E.  y.^iis+S.E. 

TSH 

Serum 

TSH/ 100  nil. 

(mu.-E.S 

assay 

Adenohypophy¬ 
sis  TSH /gland 

i.P.  ±S.E.  ) 

N* 

0 

20.1  ±3.2 

4.8±  .2 

130  ±15 

28  ±  2 

() 

3 

27.4  ±2.5 

4.8±  .3 

— 

14  ±  1 

P 

7 

l(i.3±l  .1 

4.2  ±  .3 

<40 

3204  ±210 

Q 

12 

11.0±  .0 

3.0  ±  .3 

00  ±10 

2225  ±200 

u 

20 

8.5±  .4 

4.0  ±  .4 

100  ±12 

1440  ±110 

*  All  uroups  (10  12  rats  each)  wvrc  iiiaintaituMl  on  PTE  for  30  35  days  hcforc  withdrawal 
of  the  fioitrojion. 


normal  groups  combined  was  82.4  ±9.4  mu.  of  U.S.P.  Reference  Standard 
per  100  ml.  of  serum.  Hormone  concentrations  in  the  adenohypophysis 
were  more  variable.  The  mean  pituitary  concentration  in  rats  from  4-8 
months  of  age  (Groups  A-F)  was  71  +  17  mu.  per  mg.  TSH  content  of 
the  pituitaries  averaged  090+40  U.S.P.  mu.  per  gland  (TSH  concentra¬ 
tion  X  mean  fresh  pituitary  weight  +  standard  error  of  the  mean).  Adeno¬ 
hypophysial  TSH  levels  in  old  rats  (Group  H)  fell  to  less  than  10%  of  this 
value  although  circulating  hormone  titers  wen*  well  maintained.  The  rela¬ 
tionship  of  gland  to  body  weight  with  advancing  age  was  not  appreciably 
altered  for  either  thyroid  or  pituitary. 

Continued  propylthiouracil  treatment  produced  progri'ssively  larger 
goit(*rs  and  eventually  significant  pituitary  hypertrophy  (Table  1).  Serum 
TSH  levels  were  consistently  elevated  and  were  maintained  with  relatively 
little  fluctuation  up  to  00  days  of  treatment  with  the  drug.  Mean  TSH 
concentration  in  serum  over  this  period  was  140  +9  mu.  per  100  ml.  Longer 
treatment  with  PTU  resulted  in  further  increase  (Group  M).  Regardless 
of  TSH  blood  lev'el  or  size  of  the  goiter  in  PTU-treated  rats,  hormone  con- 
t(‘nt  of  the  pituitary  was  invariably  reduced.  Depletion  of  pituitary  TSH 
stores  was  almost  complete  after  1-4  months  on  the  goitrogen;  total  hor¬ 
mone  re.serves  in  the  gland  were  usually  less  than  5%  of  normal.  The 
cytological  picture  in  the  pars  distalis  was  characterized  by  virtually  com¬ 
plete  disappearance  of  the  acidophils  and  an  increase  in  numbers  of  largi' 
multi-vacuolated  basophils  with  little  or  no  AF-positive  granulation  (thy¬ 
roidectomy  cells). 

Effect  of  goitrogen  withdrawal  on  the  pituitary-thyroid  system 

The  sequence  of  change  in  pituitary  and  serum  TSH  levels  after  goitro¬ 
gen  withdrawal  is  shown  in  Table  2.  In  goitrous  rats  (30-35  days  on  PTU), 
release  from  thyroid  block  induced  substantial  accumulation  of  thyro- 
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trophin  in  tin*  adniiohypophysis.  The  effect  was  not  fully  apparent  until 
()  7  (lays  after  cessation  of  PTU  tr(*atment.  Pituitary  TSH  .stores  were 
still  depressed  a  f(‘w  days  after  fjoitrogjui  withdrawal  although  cytologic 
(‘xainination  of  the  adenohypophysis  at  this  time  indicat(*d  return  of  some 
glycoprotein  granulation  in  the  cytoplasm  of  the  thyroidectomy  cells.  At 
the  peak  of  rebound,  AF-positive,  vacuolated  basophils  in  the  pars  distalis 
were  numerous  (Figs.  1  and  2).  TSH  stores  had  increased  to  about  500% 
of  iiormal  but  .serum  titers  at  this  time  were  subnormal.  Hormone  con¬ 
centrations  in  the  pituitary  were  still  augmented  20  days  after  relea.se  from 
PTU  although  circulating  levels  had  achieved  the  normal  range.  Many 
thyroidectomy  cells  were  still  visible  in  the  pars  distalis  at  this  time.  Goiters 
were  gradually  reduced  in  size  but  the  thyroid  was  still  enlarged  at  the  end 
of  the  experiment.  TSH  rebound  was  not  reflect(‘d  in  any  change  in  weight 
of  the  adenohypophysis. 

Exogenous  Thyroid  Hormone  and  TSH  Rebound 

Several  major  findings  emerge  from  the  experiments  with  thyroid  hor¬ 
mones  (Fig.  3).  1)  Vigorous  TSH  rebound  in  the  pituitary  .still  occurnnl 
and  was  possibly  intensified  after  1  year  of  PTU  treatment.  The  amplitude 
of  the  response  at  the  same  time  interval  (10  days)  was  apparently  greater 
in  the  hypertrophied  pituitary  gland.  2)  A  do.se  of  triiodothyronine  which 
resulted  in  almost  complete  disappearance  of  thyrotrophin  in  both  blood 
and  pituitary  of  the  euthyroid  animal  was  only  partially  effective  in  sup- 
pre.s.sing  hormone  accumulation  in  the  gland  after  goitrogen  withdrawal. 
On  an  equal  weight  basis,  thyroxine  was  much  less  effective  than  triiodo¬ 
thyronine  in  preventing  TSH  repletion  in  the  pituitary.  That  the  latter 
is  a  more  potent  inhibiting  agent  on  pituitary  TSH  secretion  has  already 
been  shown  (5,  23).  3)  Marked  diminution  in  level  of  thyrotrophin  in  th(‘ 
hypophy.sis  (and  blood)  with  triiodothyronine  was  not  followed  by  exag¬ 
gerated  hormone  accumulation  in  the  gland  after  thyroid  treatment  was 
discontinued.  Blood  TSH  titers  remained  subnormal.  This  sugge.sted  that 
the  lowered  content  of  pituitary  TSH  per  se  was  not  primarily  responsible 
for  the  rebound  phenomenon.  4)  The  course  of  blood  TSH  levels  in  goitrous 
rats  after  exogemous  thyroid  hormone  administration  was  erratic.  Serum 
concentrations  in  hyperthyroid  rats  decrea.sed  to  normal  or  subnormal 
values  without  apparent  relation  to  the  quantity  of  thyrotrophin  in  the 
pituitary. 

DISCUSSION 

F.ven  though  rates  of  formation  and  release  of  trophic  hormones  cannot 
be  measured  directly,  a  reasonably  accurate  analysis  of  the  dynamics  of 
TSH  secretion  can  be  made  if  thyrotrophin  levels  in  pituitary  and  blood 
and  rate  of  disappearance  of  the  hormone  from  the  circulation  are  known. 
Recovery  of  intravenously  administered  heterologous  and  homologous 


Fig.  2.  Rcaccuniulatioii  of  .\F-i)ositiv('  cytoplasiiiic  material  is  sliown  in  a  cluster  of 
thyroidectomy  colls  duriiiK  tin*  rebound  i)lias('  8  days  after  cessation  of  I’d'C  treatment 
'135  days).  The  granules  are  found  in  the  i)erii)heral  cytoplasm  outside'  the  vacuoles. 
Vacuolar  contents  are  not  fuchsinophilic.  (Susa;  Gomori’s  Paraldehyde  Fuchsin,  X750.) 


840 


D’ANGELO 


Volume  6U 


tliyrotrophiii  from  rat  plasma  has  been  determined  with  close  agreement 
(S-Ti).  Rate  of  disappearance  of  hormone  from  the  blood  is  rapid  in  initial 
stages  but  slows  progressively  as  physiologic  levels  are  approached.  An 
approximate  estimate  of  the  half  life  of  TSH  in  the  circulation  of  the 
euthyroid  rat  would  be  at  least  one  hour.®  If  it  is  assumed  that  this  half 
life  describes  endogenous  TSH  disappearance  from  plasma  as  well,  it  can 
be  calculated  that  the  adenohypophy.sis  of  the  adult  female  rat  normally 
possess(‘s  the  equivalent  of  s(‘veral  days  supply  of  thyrotrophin.  That  this 


Fi(i.  [i.  of  tlie  bar  (lei)U*ts  the  mean  I'SH  content  ±  standard  error  of  the 

mean  of  tin*  “averane”  pituitary  expressed  in  U.S.P.  units.  The  horizontal  line  gives 
the  normal  cf)ntrol  value  in  this  set  of  ex])eriments.  TSH  rebound  was  tested  10  days 
after  goitrogen  withdrawal  (off  PTl’)  or  cessation  of  thyroid  treatment  (off  T3).  T3  =  tri¬ 
iodothyronine;  T4  =  thyroxine;  No  PTU  =  no  jjrevious  goitrogen  treatment. 

is  at  b(*st  a  tentative  value  lU'eds  to  be  emphasized.  The  metabolic  fate 
of  TSH  is  unknown  and  the  hormonal  equilibrium  which  exists  between 

It  is  calculatetl  from  data  already  given  (8,  9)  that  the  relationship  between  hor¬ 
mone  recovery  (R)  and  time  (T)  is  described  by  the  equation  Log  R  =  1.965— 0.860  log  T. 
The  slope  represents  change  in  Log  R  per  unit  change  in  Log  T.  The  biological  half  life, 
•  tr  time  to  effect  a  50%  reduction  in  hormone  recovery  (R1  to  R2),  =•  antilog  0..35  or  2.2 
X  the  nund)er  of  minutes  (Tl)  already  elapsed  since  introduction  of  hormone  into  the 
circulation. 
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the  vascular  and  extracellular  fluid  compartments  and  the  tisuses  has  not 
been  satisfactorily  delineated. 

It  is  evident  that  in  the  goitrous  rat  the  combined  amount  of  thyro- 
trophin  in  blood  and  pituitary  after  propylthiouracil  release  is  far  in  excess 
of  that  present  in  any  other  endocrine  state  so  far  described.  The  ampli¬ 
tude  of  change  in  hormone  levels  before  and  after  goitrogen  withdrawal 
indicates  that  thyrotrophin  secretion  is  markedly  asynchronous  during 
rehabilitation  of  the  pituitary-thyroid  system.  Augmented  hormonal  stores 
in  the  adenohypophysis  cannot  be  explained  on  the  basis  of  normal  syn¬ 
thesis  rate  with  decreased  release.  Pituitary  rebound  co-exists  with  normal 
or  elevated  thyrotrophin  levels  and  occurs  at  a  time  when  plasma  turn¬ 
over  must  be  increasing  rather  than  diminishing  (9).  Cytological  evidence 
fully  supports  the  view  that  synthesis  and  storage  of  TSII  by  the  pituitary 
during  the  rebound  phase  are  accelerated  without  commensurate  augmen¬ 
tation  in  release.  Previous  studies  have  demonstrated  excellent  correlation 
between  the  numbers  of  AF-positive,  polygonal  basophils  (beta  cells,  thy- 
rotrophs)  in  the  pars  distalis  and  the  functional  status  of  the  pituitary-thy¬ 
roid  system  (13,  14,  4,  5).  These  cells  are  numerous  and  their  glycoprotein 
granulation  al)undant  when  TSII  stores  in  the  pituitary  are  high.  After 
"Urgical  or  chemical  thyroidectomy,  the  thyrotrophs  lose  their  cytoplasmic 
granulation  and  transform  into  hypertrophied,  multi-vacuolated  basophils 
(goiter  or  thyroidectomy  cell);  TSH  reserves  in  the  adenohypophysis 
diminish  substantially.  The  maintenance  of  elevated  blood  thyrotrophin 
levels  in  goitrous  animals  for  periods  even  exceeding  one  year  and  the  re¬ 
turn  of  AF-positive  granulation  in  the  basophils  during  TSH  rebound  sub¬ 
stantiate  the  belief  of  others  that  the  thyroidectomy  cell  is  a  highly  active 
secretory  unit  (13-15)  and  that  the  cytoplasmic  granulation  of  the  beta 
basophil  is  the  morphological  expression  of  thyrotrophin  storage. 

It  would  appear  that  the  mechanisms  underlying  the  TSH  rebound  phe¬ 
nomenon  must  be  humoral  rather  than  neural.  D’Angelo  and  Traum  (4) 
and  Florsheim  (16)  demonstrated  that  exogenous  thyroid  hormone  sup- 
pre.sses  pituitary  TSH  secretion  equally  well  in  normal  and  hypothalamic 
lesioned  rats.  The  capacity  of  the  adenohypophysis  for  TSH  repletion  is 
also  unimpaired  after  hypothalamic  destruction  (5).  The  finding  that 
normally  inhibiting  doses  of  thyroid  hormones  are  relatively  ineffective  in 
preventing  TSH  rebound  after  goitrogen  withdrawal  strongly  suggests  that 
altered  sensitivity  of  the  pituitary  to  a  target  gland  hormone  may  occur 
independently  of  any  neural  influence.  This  result  .serves  to  re-emphasize 
ihe  fact  that  the  operation  of  the  feedback  mechanism  between  thyroid 
md  hypophy.sis  is  not  under  hypothalamic  domination  and  that  the  basal 
level  of  TSH  function  in  the  “i.solated”  pituitary  is  not  fixed. 

Knowledge  of  biochemical  events  governing  thyrotrophin  secretion  is 
'parse  and  provides  no  clue  as  to  the  .secretory  dynamics  of  the  rebound 
i)henomenon.  Hyp(*r.s(‘cretion  of  TSH  in  the  thyroidectomized  rat  is  not 
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associat(‘(l  with  sifjnificant  change  in  enzyme  levels  (cytochrome  oxidase, 
succinic  (h'liydrogenase)  although  in  vitro  oxygen  consumption  of  the 
pituitary  incn'ases  (17).  S^Mabeled  methionine  uptake  of  the  pituitary 
d('cr(‘as(*s  in  cold-expos(‘d  rats  (18)  hut  is  not  materially  altered  during 
TSll  rebound  in  goitrous  animals  (unpublished  experiments).  There  is 
n'ason  to  believe  that  the  functional  activity  of  the  unblocked  thyroid 
gland  may  be  involved  in  adenohypophysial  thyrotrophin  rebound  inas¬ 
much  as  th(‘  thyroid  itself  exhibits  temporary  dichotomy  in  function  after' 
re'h'ase*  from  pre)pylthiouracil.  D’Angedo  anel  associate's  (19)  reporterl  en- 
hancerl  uptake's  of  I*'*'  by  the  guine'a  pig  thyrehel  which  persiste'el  for  two 
we'cks  afte'r  goitrejgen  withelrawal;  otlu'r  paramete'is  of  thyroiel  function 
re'tunu'el  slowly  to  normal  without  re'bounel.  The  ioeliele  pump  activity 
pe'r  mg.  of  thyroiel  in  the  mouse'  incre'ase'el  24-48  hours  after  PTU  reh'ase' 
e'ven  though  morphologic  re'gre'ssion  occurre'd  (20).  Shimoela  (21)  ele'scribe'el 
augmentation  of  thyroielal  radioioeline  uptake  anel  conversion  ratio  in  the* 
rat  7  elays  after  gentroge'ii  withelrawal.  Intere'stingly,  coincielental  rebounel 
of  ne'urosecre'tory  substance  in  the  neurohypophysis  was  also  observe'el.  It 
appears  like'ly  that  upon  reh'ase  from  thiouracil  block  the'  seepie'iitial  proc¬ 
esses  of  iodiele  conce'iitration  anel  hormonal  .syntlu'sis  anel  re'U'ase'  by  the* 
thyroid,  like  TSH  se'cre'tion  by  the  pituitary,  are  temporarily  asynchronous. 

The  TSH  rebounel  phenomenon  can  be  e'xplaine'd  by  assuming  a  elif- 
fe'rential  tluvshokl  type'  of  thyroid  hormone  action.  A  low  circulating  leve'l 
of  newly  forme'd  thyroiel  hormone  from  the  unblocked  gland  may  proviele* 
the  stimulus  to  the  pituitary  for  heightene'el  synthesis  and  storage  eluring 
that  perioel  when  the  high  momentum  of  thyrotrophin  se'cre'tion  ‘h)ve'r- 
shoots”  (after  goitroge'n  withdrawal).  The  TSH  reh'ase  phase  is  not  e'epially 
affecte'el  so  that  supe'rabunelance  of  hormone  in  the'  pituitary  with  normal 
or  re'duce'd  amounts  in  blood  re'sults.*  As  the  thyroiel  glanel  graelually  re*- 
gains  the  ste'ady  state',  blooel  leve'ls  rise  sufficiently  to  limit  the  proeluction 
anel  storage  of  thyrotrophin.  Further  incre'ase  in  thyroiel  hormone  to  e'xce's- 
sive  levels  (for  example,  exogenous  hormone  aelminist ration)  elepre'sse's  both 
synthetic  anel  re'h'ase  phase's  of  TSH  secretion  anel  hormone  content  of  both 
blooel  anel  hypophysis  wouhi  be  re'eluce'el.  The  fact  that  thyrotrophin  re'¬ 
bounel  eliel  not  occur  after  pituitary  store's  were  virtually  eleplete'el  with 
triioelothyronine  sugge'sts  that  a  state  of  TSH  hypersecretion  must  first 
be'  ineluce'el  be'fore'  the  e'ffe'ct  can  be  elicite'd.  This  eliffere'iitial  thre'shohl 
hypothe'sis  is  being  teste'd  by  surgical  removal  of  thyroiels  from  goitrom 
animals  anel  by  thyroxine  or  triioelothyronine  replacement  therapy. 

*  Tliis  may  ijossiblj'  account  for  those  relatively  few  reports  which  claim  that  pituitar\ 
TSH  content  in  the  surgically  or  chemically  thyroidectomized  rat  is  increased.  A  func¬ 
tional  thyroid  remnant  or  incomplete  block  with  a  thiouracil  woulel  permit  slight  ye> 
effective  thyroid  hormone  secretion.  In  some  rodents,  e.g.,  the  guinea  i)ig,  TSH  levels  ii 
the  hypophysis  rise  considerably  with  continued  goitrogenesis  (22). 
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ABSTRACT 

Cyclic  proestrous  LH  release  was  investigated  by  endogenous  and  exogenous 
assay  in  rats  exposed  to  light  from  5:00  a.m.  to  7 :00  p.m.  daily.  Pituitaries  were 
removed  from  proestrous  rats  at  10:00-1 1  :00  a.m.  and  4:00-5:00  p.m.,  injected 
into  immature,  primed  recipient  rats  and  tested  for  ovarian  ascorbic  acid  de¬ 
pleting  ability  (exogenous  assay).  “Morning”  pituitaries  were  significantly  more 
potent  than  “afternoon”  pituitaries,  confirming  the  finding  of  drug  and  hypo- 
physectomy  .studies  that  LH  is  released  from  the  pituitary  between  2:00  and 
3:00  P.M.  Ovaries  removed  from  the  proestrous  donor  rats  showed  no  con¬ 
sistent  ascorbic  acid  depletion  on  the  afternoon  of  proestrus  (endogenous 
assay).  There  was,  however,  a  cyclic  variation  in  ovarian  ascorbic  acid,  the 
highest  values  occurring  in  metestrus,  the  lowest  in  proestrus. 

IN  RECENT  years  Everett  and  his  co-workers  (1,  2)  have  accumulated 
indirect  evidence  suggesting  that  when  cyclic  female  rats  are  exposed 
to  light  daily  between  5:00  a.m.  and  7:00  p.m.,  LH  is  relea.sed  from  the 
pituitary  starting  at  2:00  p.m.  and  completed  in  90%  of  animals  by  3:30 
P.M.  on  the  da}'  of  proestrus.  Ovulation  then  occurs  around  midnight. 
This  timing  of  LH  release  was  demonstrated  by  injecting  a  variety  of 
centrally-acting  blocking  drugs  (1)  or  hypophysectomizing  (2)  at  the 
critical  time  in  the  afternoon  and  looking  for  presence  or  ab.sence  of  ovula¬ 
tion  the  following  morning. 

The  use  of  endogenous  ovulation  as  a  criterion  of  LH  release  necessitates 
the  presence  of  prepared  follicles,  limiting  the  variety  of  experiments  which 
might  be  utilized  to  elucidate  the  factors  triggering  LH  release.  In  order 
to  avoid  the  need  for  a  prepared  ovary,  changes  in  LH  content  must  be 
measured  directly,  either  in  the  anterior  pituitary  or  in  the  body  fluids. 
Acute  decreases  in  pituitary  gonadotrophin  content  have  been  demon¬ 
strated  following  coitu.s-induced  ovulation  in  the  rabbit  (3,  4),  following 
the  onset  of  heat  in  the  ewe  (5)  and  sow  (6),  and  following  post-partum 
ovulation  in  the  mouse  (7).  This  encouraged  us  to  look  for  acute  decreases 
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in  pituitary  LH  content  in  the  cyclic  rat  following  the  2:00-3:30  p.m. 
release  period,  by  removing  pituitaries  from  adult  cyclic  proestrous  rats 
at  two  times  of  day  spanning  this  period  (10-11  a.m.  and  4-5  p.m.).  These 
pituitaries  were  then  injected  into  primed,  immature  assay  rats  for  the 
exogenous  measurement  of  LH  content  by  the  ovarian  ascorbic  acid  deple¬ 
tion  technique  (8). 

As  a  matter  of  secondary  interest,  the  donor  proestrous  animals  were 
also  tested  endogenously  for  LH  release,  by  measuring  the  ascorbic  acid 
content  of  their  own  ovaries,  removed  simultaneously  with  the  pituitaries. 
This  is  analogous  to  techniques  utilizing  adrenal  ascorbic  acid  for  determin¬ 
ing  stress-induced  ACTH  release.  As  is  well  known,  following  a  stress 
ACTH  release  can  be  detected  l)y  either  an  endogenous  depletion  of 
adrenal  ascorbic  acid  in  the  stressed  animal  (9)  or  by  a  drop  in  pituitary 
,\CTH  content,  using  as  an  assay  of  ACTH  the  depletion  of  adrenal 
ascorbic  acid  in  a  recipient,  hypophysectomized  rat  (10).  In  the  case  of 
ACTH,  th(‘  endogenous  assay  appears  to  be  a  more  consistent  indicator  of 
acute  ACTH  release  than  the  exogenous  as.say  (11). 

MATERIALS  AND  METHODS 
Pituitary  Collection  and  Assay  (Exogenous) 

Adult  Cyclic  Donor  Females:  Pituitary  Collections.  Ninety-day-old  virgin  female  rats 
were  shipped  from  Sprague-Dawley,  Inc.,  in  4  lots  of  50  rats  each  and  placed  in  a  constant 
temperature  (2.5°  C)  room  which  was  artificially  lighted  from  5:00  a.m.  to  7:00  p.m. 
Yaginal  smears  were  taken  each  morning  and  every  rat  which  served  as  a  pituitary  donor 
on  the  da\’  of  proestrus  had  run  at  least  two  previous  consecutive  four-day  cycles  before 
the  cycle  during  which  it  was  autopsied.  We  have  previously  confirmed  by  pentobarbital 
Idockade  that  LH  release  occurs  between  2:00  p.m.  and  4:00  p.m.  on  the  day  of  proestrus 
in  the  Sprague-Dawley  rat  under  the  above  lighting  conditions  (12).  Accordingly,  animals 
were  decapitated  between  10:00  and  11:00  a.m.  (“morning”)  or  4:00  and  5:00  p.m. 
(“afternoon”)  and  the  pituitaries  removed  immediately.  The  neurohypophysis  was  dis¬ 
sected  free  and  discarded.  The  anterior  pituitaries  were  either  frozen  immediately  and 
homogenized  on  the  day  of  the  assay,  or  immediately  homogenized,  suspended  in  saline 
and  kept  frozen  for  assay  a  few  days  later.  Five  morning  and  five  afternoon  pituitaries 
were  pooled  for  use  in  each  group  of  as.say  rats,  a  total  of  40  morning  pituitaries  and  40 
afternoon  pituitaries  being  collected. 

Immature  Primed  Recipient  Females:  Pituitary  Assays.  The  method  of  assay  was  that 
of  Parlow  (8,  personal  communication).  The  recipient  females  were  received  as  weanlings 
in  8  lots  from  Sprague-Dawley,  Inc.,  and  pre-injected  subcutaneously  with  .50  i.u.  PMS 
iGonadogen,  Upjohn)  when  22  days  old  and  25  i.u.  HCG  (Antuitrin  “S,”  Parke,  Davis) 
.50-00  hours  later.  They  were  used  for  the  assay  of  pituitaries  on  the  7th  day  after  the 
HCG  injection.  On  that  day  two  pools  of  five  pituitaries  were  diluted  to  yield  concentra¬ 
tions  ranging  from  1  /04  to  1  /2  of  a  pituitary  equivalent  per  0.5  cc.  of  saline.  In  each  of  the 
8  assays,  both  a  morning  and  an  afternoon  pool  of  proestrous  pituitaries  was  used,  at 
two  or  three  dose  levels.  Each  recipient  rat  was  anesthetized  with  4  mg./lOO  gm.  pento¬ 
barbital.  The  left  ovarj’  was  removed  for  a  control.  Then  3  to  6  recipient  rats  received 
0.5  cc.  of  a  given  dose  of  pituitary  (or  control  saline)  via  the  tail  vein.  One  hour  later 
the  right  ovary  was  removed.  Both  ovaries  were  dissected  free  of  fat,  weighed,  and 
ascorbic  acid  measured  by  tbe  method  of  Roe  and  Kuether  (1.3). 
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Adult  Ovaries:  Collection  and  Ascorbic  Acid  Measurements  {Endogenous  Assay) 

Ovaries  were  removed  for  aseorbie  acid  measurement  at  the  time  of  pituitary  removal 
from  42  of  the  above  adult  jjroestrous  animals,  and  also  at  the  same  two  times  of  day 
from  48  four-  or  five-day  cyclic  metestrous,  estrous  anil  diestrous  rats  receivi'd  ami 
housed  simultaneously  (these  90  rats  are  designated  as  “A”  series  below).  Subseciuently, 
this  experiment  was  repeated  in  another  ^roup  of  20  adult  rats  housed  similarly  and 
autopsied  at  10-1 1  a.m.  and  4-5  p.m.,  ovaries  a^ain  being  removed  for  endogenous  ovar¬ 
ian  ascorbic  acid  concentration  measurements  in  four  cycle  stages  (“B”  series).  Presence 
of  ova  in  the  oviducts  was  verified  for  all  e.strous  rats  in  both  series.  Diestrus  was  defined 
as  the  day  after  metestrus  in  the  A  series,  and  the  day  before  proestrus  in  the  B  series. 
.\scorbic  acid  was  measured  in  A  ovaries  by  the  method  of  Roe  and  Kuether  (13).  How¬ 
ever,  ascorbic  acid  measurements  in  B  ovaries  was  carried  out  using  the  much  more 
convenient,  if  less  sensitive,  technique  of  Mindlin  and  Butler  (14). 

.V  jjreliminary  study  was  carried  out  comparing  the  two  methods  used  to  measure 
ascorbic  acid  in  the  adult  ovaries.  Ten  adult  female  rats  were  decapitated  and  the 
ovaries  and  adrenals  removed  bilaterally,  trimmed  and  weighed,  .\scorbic  acid  was 
measured  in  one  adrenal  and  ovary  from  each  rat  by  the  method  of  Roe  and  Kuether 
(13);  ascorbic  acid  in  the  other  adrenal  and  ovary  was  measured  by  the  method  of 
Mindlin  and  Butler  (14).  For  the  Roe  and  Kuether  method,  the  adrenal  ascorbic  acid 
was  4.04  ±.75  (ms  ms  ),  the  ovarian  ascorbic  acid  was  0.72 ±.26.  For  the  Mindlin  and 
Butler  method,  adrenal  ascorbic  acid  was  4.17  ±.30,  ovarian  ascorbic  acid  was  .77  ±.20. 
There  is  no  significant  difference  between  the  two  methods  for  either  gland. 

RESULTS  AND  DISCUSSION 

Exogenous  P.roesfrous  Pituitary  Assay.  Each  of  the  five  doses  of  pituitary 
(1  ()4,  1  32,  1  16,  1  '8,  1  2)  was  tested  for  ovarian  ascorbic  acid  depleting 
aliility  in  at  least  two  assays.  The  depletion  at  each  dose  was  correcti'd 
for  the  depletion  in  recipients  .simultaneously  injected  with  saline.  The  lud 
result  of  .saline  injections  (in  all  8  assays)  was  to  yield  insignificant  deple¬ 
tion  (Table  1).  An  analysis  of  variance  was  performed  (.separately  for  morn¬ 
ing  and  afternoon  at  each  dose)  in  order  to  detect  possible  diffenmces 
among  the  as.says  of  the  .same  do.se  of  .similar  materials.  Only  in  the  case 
of  the  1  -  pituitary  do.se  (afternoon)  was  there  a  .significant  difference 
among  assays.  Accordingly  the  results  of  all  assays  pi'rfornK'd  at  (‘ach 
dose  level  wen*  pooled  for  subsequent  analy.ses.  These  are  summarizi'd  in 
Table  1.  The  method  was  sufficiently  .sensitive  to  detect  hormone  in  as 
little  as  1  ()4  of  a  morning  pituitary,  and  1/32  of  an  afternoon  pituitary. 
There  is  a  highly  significant  dose-response  effect  of  pituitaries  remov(*d  at 
either  time  of  the  day,  with  the  plateau  occurring  between  1  16  and  1/8 
of  a  pituitary  (Table  1).  An  analysis  of  variance  utilizing  all  of  tlu*  do.ses, 
as  previously  reported  (15),  fell  short  of  significance  in  demonstrating  a 
difference  in  depleting  ability  between  morning  and  afternoon  pituitaries 
because  of  the  inclusion  of  the  plateau  data.  However,  when  data  from  tlu* 
plateau  region  are  eliminated  (1/8  and  12  do.se.s),  an  analy.sis  of  variance* 
reveals  a  highly  significant  difference  in  depleting  ability  between  morning 
and  afternoon  pituitaries,  the  morning  pituitaries  being  more  potent.  We 
have  since  verified  that  this  diurnal  drop  in  LH  content  is  unique  to  the 
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TaBI-E  1.  OVAKIA.N  AS<  ()KBIC  ACIU  DEI’LETINO  ABII.ITV  OK  I’KOESTKOt  S  “MOKMNG” 
AND  “afternoon”  PITI  ITARIES 


Do.xk  of 
pituitary 
used 

“Morniii!:"  i 

“.\fternoon” 

•No. 

of 

assa.v.s 

No.  of 
reeipii'iit 
animals 

[(  ovarian*  i 
asc.  acid  I 

depletion 

No. 

of 

assa.vs 

No.  of 
recipient 
animals 

' ,  ovarian* 
asc.  acid 
depletion 

N’oik* 

(Saline  Injection) 

8 

40 

1  .07  ±1  ,  lot 

1  /(i4 

i  ^ 

12 

12..i8±2.t»() 

3 

13 

4.30+2.75 

1/32 

4 

20 

1  i» .  oo  ±1.72 

4 

10 

15.80  ±1  .00 

1/10 

2 

8 

27) .  87  ±  2 , 00 

2 

8 

10.41  ±4.38 

1/8 

'  3 

l.i 

20.40±4.42 

3 

1.5 

30.73  ±2. .58 

1/2 

4 

10 

33.4312.0,5 

4 

10 

32.31  ±1.02 

*  (Asc.  Acid,  Left)  —  (Asc.  Acid,  /ig./ing.  Right)  X  100 

Asc.  Acid  /ig/nig.  Left 

For  pituitary  injectioiis,  tiie  %  depletion  for  each  was  corrected  for  the  dei)letion  of  tlu; 
saline  injected  rats  of  the  sanu*  assay. 

t  ±  Standard  error. 

(lay  of  proostrus,  and  doos  not  occur  on  any  other  day  of  the  cycle  (10). 

Thus,  th(>  pituitary  of  .the  proe.strous  rat,  like  that  of  the  estrous  ewt* 
(o)  and  sow  (0),  post-partum  mouse  (7)  and  post-coital  rabbit  (1^,  4)  shows 
a  drop  in  luteinizing  hormone  content  following  hormone  release.  There¬ 
fore,  it  is  possible  to  use  pituitary  LH  content  as  measured  by  ovarian 
ascorbic  acid  depletion  as  an  indicator  of  acute  hormone  release  instead  of 
observing  resulting  ovulation  10  to  12  hours  later  (1).  Blocking  evidence 
indicat(‘d  that  the  stimulus  for  LH  release  starts  at  2;0()  p.m.,  with  enough 
hormone  being  released  l)y  p.m.  to  induce*  ovulation  (2);  the  present 
evidence  indicates  that  enough  had  been  released  by  4::i()  p.m.  to  cause  a 
significant  drop  in  pituitary  stores.  The  possibility  that  a  decrease  in  the 
rate  of  manufacture  of  hormone  contribut(*d  to  this  drop  cannot  be  elim¬ 
inated  on  the  ba.sis  of  the  present  study. 

Pr(*vious  studies  of  gonadotrophin  content  of  the  cyclic  rat  pituitary  did 
not  take  cognizance  of  the  2-8:30  p.m.  critical  period  on  the  day  of  proe.s- 
trus.  Gans  and  De  Jongh  (17),  measuring  the  ICSH  content  of  injected 
pituitary  material  (by  increase  in  prostate  and  testicular  weight  of  imma¬ 
ture  recipients),  found  a  higher  content  of  ICSH  the  day  before  proestrus 
than  at  any  other  stage.  Measuring  ICSH  by  implantation  (rather  than 
injection)  into  recipients  shifted  the  peak  pituitary  potency  to  the  day  of 
proestrus.  Lane  and  Hisaw  (18)  also  measured  LH  by  pituitary  implanta¬ 
tion  in  recipents  and  claimed  a  higher  LH  content  in  estrus  than  diestrus. 
It  is  difficult  to  interpret  either  of  the  afore-mentioned  studies  in  the  ab¬ 
sence  of  information  concerning  animal  lighting  conditions,  and  autop.sy 
times. 
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Santolucito  and  co-workers  (5)  obtained  a  significant  drop  in  pituitai  \- 
FSH  at  the  same  time  (35  hours)  as  LH  dropped  in  the  ewo  following  thr 
first  appearance  of  heat.  Since  Parlow  (8),  McCann  and  Taleisnik  (19) 
and  Schwartz  (unpublished  observations)  found  that  FSH  gives  no  deple¬ 
tion  of  ovarian  ascorbic  acid  except  in  doses  leading  one  to  suspect  LH 
contamination,  the  drop  in  ascorbic  acid  depleting  potency  on  the  after¬ 
noon  of  proestrus  cannot  be  the  result  of  a  drop  in  FSIi  content.  However, 
since  the  assay  does  not  measure  FSH,  we  cannot  rule  out  the  possibility 
that  FSH,  as  well  as  LH,  potency  decreases  on  the  afternoon  of  pro('strus 
in  the  rat. 

Endogenous  Ovarian  Ascorbic  Acid.  Ovarian  weights  and  ascorbic  acid 
concentrations  are  shown  for  both  A  and  B  series  in  Table  2.  Ovarian 
weights  were  similar  in  the  two  series.  Both  show  a  ris(‘  from  jnxM'strous 
morning  to  estrous  morning  or  afternoon.  Otherwise  no  trend  is  obvious. 

.Ascorbic  acid  concentrations  were  systematically  higher  in  series  .A  than 
B.  However,  both  show  a  rise  from  proestrus  to  mete.strus  (maintained  on 
<liestrus  day  1  for  series  A),  and  then  a  decline  back  to  pro(*strus.  In  tla* 
large  series  of  rats  in  the  A  series  no  evidence  of  ascorbic  acid  depletion 
occurred  on  the  day  of  proestrus,  in  spite  of  LH  release  (Table  1).  However, 
there  is  a  significant  drop  (P  <.01)  in  the  B  ovaries  during  this  day.  The 
results  of  the  endogenous  assay  therefore  appear  equivocal. 

In  retrospect,  it  is  not  surprising  that  endogenous  ovarian  ascorbic  acid 
depletion  failed  to  occur  consistently  (Series  A,  Table  2).  The  only  demon- 
.st rations  of  ovarian  ascorbic  acid  depletion  following  acute  gonadotrophin 
administration  have  been  obtained  from  ovaries  containing  functional 
corpora  lutea:  gonadotrophin  primed  immature  (8,  19)  or  mature  rats  (19) : 
pregnant  rats  (20)  or  rabbits  (21).  Moreover,  the  adult  rat,  even  when 
primed  with  gonadotrophin,  is  considerably  less  sensitive  than  the  imma¬ 
ture  primed  rat  (19),  so  that  negativ’e  results  were  perhaps  to  be  expected 
in  insensitive  unprimed  adult  rats.  The  positive  results  seen  in  Series  B 
could  mean  that,  in  spite  of  relative  insensitivity,  these  rats  may  show 
ovarian  ascorbic  acid  depletion  in  response  to  acute  increases  of  circulating 
LH ;  this  is  analogous  to  the  adrenal  ascorbic  acid  depletion  following  acut(* 
.A(TH  relea.se  in  unprimed  rats  (9).  However,  an  alternative  interpreta¬ 
tion  may  be  offered.  It  will  be  noted  in  Table  2  that  in  both  series  ovarian 
ascorbic  acid  falls  from  a  maximum  at  metestrus  to  a  minimum  at  some 
time  on  the  day  of  proestrus.  Hoch-Ligeti  and  Bourne  (22)  found  that 
ovarian  ascorbic  acid  was  maximum  at  metestrus  and  diestrus,  began  fall¬ 
ing  in  proestrus  and  reached  a  minimum  on  the  day  of  estrus  (no  autopsy 
times  stated).  It  is  possible  that  the  proestrous  drop  in  Series  B  is  just 
part  of  the  general  picture  of  diminishing  ascorbic  acid  concentration  be¬ 
tween  metestrus  and  the  following  proestrus  or  estrus  and  is  not  the  result 
of  the  2:00  p.m.  LH  release. 

It  seems  premature  to  hypothesize  any  specific  gonadotrophin  control 
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Table  2.  Ovarian  weight  and  ascorbic  acid  concentration  in  donor  cyclic  rats 


Source  ' 

Ovarian  weight,  I 

mg./lOO  gm  B.W.  j 

Ascorbic  acid 

Mg/mg.  ovarian  weight 

Cycle  ! 
stage 

Time  of  j 
day  j 

A 

B 

A 

B 

Proestrus 

Morning 

1 

28.8±3.2* 

(20) 

30.0+4.2 

(5) 

0.77+  .11 
(20) 

0.08+  .07 
(5) 

Proestrus 

.\fternoon  ■ 

1  29.4±3.2  1 

(22)  j 

33.9+3.1 

(5) 

0.70-1-  .14 
(22) 

0.50+  .07 
(5) 

Estrus  j 

Morning 

1  30.8+4.8 
;  (12) 

34.8+4.3  ! 
(5) 

!  0.82-t-.00 

j  (12) 

0.09+  .00 
(fi) 

l-]strus 

1 

.Afternoon  ^ 

;  32.9+3.1 

j  (13) 

31.1+3.9  1 
(5)  I 

1  0.89-I-.09 

!  (13) 

0 . 70  +  .  1 1 

(5) 

Metestrus 

1 

Morning  ; 

i 

!  30.1+1.5 

j  (3) 

30.3+2.0  1 

(5) 

i  0.93-I-.30 
(3) 

0.75+.14 

(5) 

Metestrus 

-Afternoon  1 

1 

1  29.0-1-0.1 

1 

31.8+4.4  i 
(fi)  1 

0.84  + .08 
(5) 

Diestrus  t 

j  Morning  1 

1  1 

1  32.2+0.3 

1  (5) 

1 

1  0.85+.15 

(5) 

i  — 

1  fiestriisf 

-Afternoon  ^ 

29.7+3.1 

(10) 

0.91 + .11 
(10) 

DiestrusJ 

Morning  j 

1  1 

— 

30.2  +  1.0  i 
(5) 

' 

0.09  + .00 
(5) 

DiesfriisJ 

1  .Afternoon  ] 

— 

31.4+3.4 

(5) 

— 

0.04  + .02 
(3) 

(  )  Xo.  of  rats. 

*  Standard  deviation. 

t  Defined  as  the  day  after  inetestrus  (5-day  rats), 
t  Defined  as  the  day  before  expected  proestrus  (4-  or  5-day  rats). 


of  the  cyclic  variation  (Table  2)  in  ascorbic  acid.  Ascorbic  acid  appears 
to  follow  the  same  course  as  ovarian  lipids  (23,  24),  which  are  minimal  at 
proestrus,  and  reach  a  maximum  on  the  day  of  diestrus  of  4-day  cycles  or 
diestrus  day  2  of  5-day  cycles.  Both  lipids  and  ascorbic  acid  are  corre¬ 
lated,  in  turn,  with  ability  to  form  functional  corpora  lutea  when  pituitary 
transplants  are  made  to  the  kidney  capsule  (25):  such  corpora  lutea  will 
be  produced  at  estrus,  metestrus  and  early  in  diestrus,  but  not  late  in 
diestrus  or  in  proestrus  when  luteolysis  is  occurring  (23-25).  In  view  of 
this  correlation,  and  the  demonstration  in  the  cow  that  ascorbic  acid 
concentration  is  much  higher  in  corpora  lutea  than  in  the  rest  of  the  ovary 
(2G),  it  is  tempting  to  conclude  that  the  source  of  cyclic  variation  in  ascorbic 
acid  is  the  .set  of  corpora  lutea  from  the  previous  ovulation.  Hi.stochemical 
evidence,  however,  does  not  support  this  interpretation,  since  Iloch- 
Ligeti  and  Bourne  (22)  found  an  increased  ascorbic  acid  at  metestrus  only 
in  the  germinal  epithelium,  and  Deane  (24)  reports  an  increased  ascorbic 
acid  at  metestrus,  in  the  corpora  lutea  not  from  the  most  recent  ovulation, 
but  the  ovulation  one  cycle  before.  Moreover,  Claesson,  et  al.  (21)  induced 
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ascoihi(*  acid  depletion  in  tin*  non-corpus  luteal  tissue  of  the  pregnant 
rabbit  ovary  by  PMS  injection.  In  view  of  these  contradictory  data,  it  is 
<lifficult  to  draw  any  unequivocal  conclusions  regarding  the  source  within 
the  adult  ovary  of  cyclic  variations  in  ascorbic  acid. 
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THE  INFLUENCE  OF  AGE  ON  SUPEROVULATION 
IN  THE  LMMATURE  RAT  AND  MOUSE 

M.  X.  ZAHUOWi  AND  EVERETT  D.  WILSON^ 

Ih  partment  of  liiologicnl  Sciences,  Purdue  University,  Lafayette,  Indiana 
ABSTRACT 

Studies  on  sui)erovulati()n  in  the  immature  rat  and  mouse  indieated  that  tlie 
average  nund)er  of  ova  released  following  treatment  with  gonadotropins  reaehed 
a  maximum  on  23  to  32  days  of  age  for  the  former  and  23  to  26  for  the  latter. 
TluTeafter  the  number  of  eggs  releas(“d  decreased  rapidly  by  50  to  65%  prior 
to  puberty  although  the  gonadotropin  treatment  was  hehl  constant.  Treat¬ 
ment  with  higher  dosages  of  gonadotropins  (PMS-f-HCCi)  at  40  to  50  days 
of  age  induced  the  release  of  a  larger  number  of  ova  leading  to  the  conclusion 
that  the  decn'ase  in  the  number  of  ova  ndeasial  with  age  was  due  to  changes  in 
the  sensitivity  of  the  follicles  to  the  gonadotropins.  It  would  appear  that 
initially  the  follicles  become  competent  to  resijond  to  the  gonadotroi)ins  at  ap- 
l)roximately  14  days  of  age  for  the  mouse  and  17  to  18  days  of  age  for  the  rat. 

'Pile  sensitivity  increases  to  a  maximum  within  two  weeks  and  decreases  there¬ 
after. 

IMMATURE  animals  have  been  frequently  used  in  plaee  of  hypophy- 
sectomized  animals  for  the  assay  of  various  gonadotropins.  In  general, 
the  immature  animal  has  given  results  indicative  of  a  lack  of  endogenous 
gonadotropin.  Recently  the  phenomenon  of  superovulation  has  been  uti¬ 
lized  for  the  assay  of  gonadotropins  using  immaturt'  rats  at  21  to  22  days 
of  age  (1)  and  in  the  course  of  the  investigation  we  noted  markt'd  varia¬ 
tions  in  ova  count  depending  on  the  age  of  the  animal.  This  led  to  the 
present  investigation  which  is  concerned  with  the  influence  of  age  on  r(‘- 
lease  of  ova  following  treatment  with  exogenous  gonadotropin. 

MATERIAL  AND  METHODS 

-Vpproximatcly  200  Swiss  mice  and  200  Wistar  rats  were  used  in  this  study.  These 
animals  wen*  tak(“n  from  the  Purdue  colony  and  raised  under  standard  conditions  in  our 
laboratory.  The  mothers  were  isolated  shortly  after  mid-i)regnancy  and  the  date  of 
parturition  recorded.  All  litters  were  sexed  and  reduced  to  6  within  24  hours  after  d('- 
livery  and  for  this  study  the  young  males  were  preferentially  discarded  whenev(‘r  the 
litter  size  was  greater  than  6.  In  the  initial  study  on  age,  the  mice  were  injected  sub¬ 
cutaneously  with  10  i.u.  of  PMS  in  a  volume  of  0.1  ml.  saline  followed  in  40  hours  by 
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5  i.u.  of  HCG’also  given  subcutaneously  in  a  volume  of  0.1  ml.  saline  (2).  The  rats  were 
treated  with  30  i.u.  of  PMS  subcutaneously  in  0.1  ml.  saline  followed  in  56  hours  by 
a  dose  of  10  i.u.  of  HCG  subcutaneously  and  also  dissolved  in  a  0.1  ml.  volume  of  saline 
(1).  Both  the  mice  and  rats  were  killed  20  to  24  hours  after  the  injection  of  the  ovulatory 
substance,  i.e.,  HCG  in  this  instance,  the  ova  removed  from  the  oviduct  and  counted 
under  a  dissecting  microscope  (1,  3).  The  age  of  the  animal  recorded  in  these  experi¬ 
ments  was  the  age  at  the  time  of  the  initial  injection,  i.e.,  the  PMS. 

The  second  set  of  experiments  was  carried  out  according  to  the  above  design  except 
the  mice  were  all  40  days  of  age  at  the  start  of  the  experiment  and  the  rats  were  all  50 
days  of  age.  In  addition,  the  amounts  of  PMS  and  IICG  were  varied  in  an  attempt  to 
determine  whether  a  greater  number  of  ova  could  be  released  bj’  changing  the  amount 
of  each  hormone. 


PAYS  or  AOE 


Fig.  1 .  The  effect  of  age  on  superovulation  in  the  mouse.  The  animals  were  treated 
with  10  I.u.  PMS  followed  by  5  i.u.  HCG. 

RESULTS 

The  influence  of  age  on  superovulation  in  the  mouse 

In  tliis  experiment  the  dose  of  PMS  and  HCG  was  held  constant  at  10 
and  o  I.u.  respectively  and  the  age  of  the  animal  varied  from  13  to  GO 
days.  At  ages  of  13-14  days,  40%  of  the  mice  ovulated  with  an  average  of 
3.0  ova  per  animal  (Fig.  1).  Approximately  00%  of  the  mice  ovulated  at 
ages  of  15  to  18  and  thereafter  the  percentage  ro.se  to  80%  on  days  19-20, 
93%  on  days  21-22,  and  between  80  and  100%  thereafter.  The  average 
number  of  ova  also  rose  from  3.0  ova  on  13-14  days  of  age  to  a  maximum 

’  The  HC'G  (.\PL)  and  PMS  (Equinex)  were  obtained  through  the  courtesy  of  Ayerst 
Laboratories,  N.  Y.  Additional  supplies  of  HCG  (Follutein)  were  obtained  through  the 
courtesy  of  Dr.  A.  Borman,  Squibb  Institute,  New  Brunswick,  N.  J. 


Fig.  2.  The  effect  of  age  on  superovulatiou  in  the  rat.  The  animals  were  treated 
with  30  i.u.  of  PMS  and  10  i.u.  of  HCG. 

of  approximately  GO  ova  on  clays  23-26.  The  ova  count  thereafter  dropped 
to  29  in  animals  at  29  to  30  days  of  age  and  with  minor  variations  remained 
unchanged  up  to  60  days  of  age.  The  maximum  number  of  ova  recovered 
from  a  single  mouse  was  135  in  this  experiment. 

The  influence  of  oge  on  superovulation  in  the  rat 

All  rats  were  treatcnl  with  30  i.u.  of  PMS  and  56  hours  later  given  10 
I.u.  of  HCO.  None  of  the  rats  treated  at  15-16  days  of  age  ovulated; 
twenty  percent  ovulated  at  17-18  days  of  age  and  75%  at  19-20  days  of 
age.  One  hundred  percent  of  the  rats  ovulatc'd  at  21  days  of  age  and  up  till 
40  days  of  age.  Thereafter  the  figure  dropped  to  80%  at  49-50  days  of 
age  and  to  70%  at  59-60  days  of  age.  The  average  number  of  ova  re¬ 
leased  also  showed  an  initial  increase  from  one  ovum  per  rat  at  17-18 
days  of  age*  to  a  maximum  of  approximately  55  ova  at  23  to  32  days  of 
age  (Fig.  2).  Thereafter  the*  count  fell  to  18  ova  on  39-40  days  of  age  al¬ 
though  100%  of  the  animals  ovulated.  The  average  number  of  ova  ranged 
from  13.1  to  18.3  at  40  to  60  days  of  age*.  A  maximum  egg  count  of  10() 
was  obtaiiu'd  in  a  rat  during  the  course  of  this  experiment. 

The  effect  of  different  doses  of  PMS  and  HCG  on  superovulatiou  in  the  40-40- 
day-old  mouse 

Mice  were  treated  at  40  to  45  days  of  age  with  5  to  40  i.u.  of  PMS  and 
1  to  20  I.u.  of  HCG.  Pretrc*atment  with  either  10  or  20  i.u.  of  PMS  was 
adc'quate  to  induce  superovulation  if  followed  by  proper  dosages  of  HCG. 
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Table  1 

.  The  ekkect 

OK  VARIED  DOSES  OK 

P.MS  AND  HCO 

ON  SUBEROVULATION 

IN  40-  TO  50-I)AY- 

OLD  MOUSE 

Ova 

%  mice 

No.  of  mice 

P.MS  I.u. 

HC(i  i.r. 

Ua  nge 

ovulated 

5 

5 

1 

13.2 

0.32 

GO 

5 

5 

5 

17.8 

2-20 

100 

5 

10 

1 

0.2 

0-12 

00 

5 

10 

2.5 

14.0 

0-30 

00 

5 

10 

5 

18.0 

0-37 

80 

2 

10 

10 

37.5 

37-38 

100 

5 

10 

20 

42.4 

20-01 

100 

4 

20 

1 

0 

0 

0 

10 

20 

2.5 

24.3 

1-50 

100 

10 

20 

5 

27.1 

2-74 

100 

10 

20 

10 

33.1 

14-53 

100 

10 

20 

20 

42.1 

13-07 

100 

5 

40 

5 

4.3 

1-0 

100 

Ton  to  20  i.u.  of  HCCl  precodod  by  20  i.u.  of  PMS  resulted  in  the  av'erage 
release  of  37.5  and  42.4  ova  respectively  (Table  1).  Pretreatment  with  20 
I.u.  of  PMS  led  to  a  superovulation  following  treatment  with  2.5  to  20 
I.u.  of  IIC(J.  An  average  number  of  24.3  ova  was  obtained  with  the  lower 
dose  of  HCCi  and  42.1  ova  with  the  higher  dose. 


The  effect  of  different  doses  of  PMS  and  HCG  on  superovulation  in  the  50- 
dny-old  rat 

Hats  were  pretreated  at  50  days  of  age  with  doses  of  PMS  ranging  from 
5  to  100  I.u.  These  doses  were  followed  in  56  hours  by  various  doses  of 
IICCi  ranging  from  2.5  to  20  i.u.  (Table  2).  An  average  ova  count  of  15.1 
to  21.4  was  obtained  with  30  i.u.  of  PMS  and  2.5  to  20  i.u.  of  HCG;  and 
a  count  of  15.5  to  19.5  with  50  i.u.  of  PMS  and  5  to  20  i.u.  of  HCG.  No 
indication  of  increasing  number  of  ova  following  increased  dosage  of  HCG 
was  noted  in  the  above  treatment.  However,  pretreatment  with  100  i.u. 

Tabi.k  2.  Thk  kkkkct  ok  various  doses  ok  I’MS  and  H(Xi  on  superovui.ation 
IN  50-day-old  rats 


No.  of 
rats 

P.MS  I.u. 

H(’f:  I.u. 

<  >va 

.Vvera}{e 

ItaiiKe 

- 

e'(  rats 
Dvulated 

5 

5 

10.0 

0.2 

0  10 

80 

3 

10 

10.0 

3.0 

0-  5 

07 

5 

15 

10.0 

11.4 

0-17 

100 

2 

1 5 

20.0 

0.0 

7-1 1 

100 

.5 

30 

2.5 

10.2 

0-20 

80 

5 

30 

5.0 

21 .4 

1 1-30 

100 

10 

30 

10.0 

15.1 

0-38 

80 

0 

30 

20.0 

10.7 

1-24 

100 

10 

.50 

.5 

1 .5 .  .5 

0  31 

00 

10 

.50 

10 

10.5 

0  20 

00 

10 

.50 

20 

Hi.O 

8-20 

100 

10 

100 

.5 

12.7 

0-20 

100 

10 

100 

10 

12.0 

8-15 

100 

10 

100 

20 

21 . 1 

12-33 

100 
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of  PAIS  followed  by  o  to  10  i.u.  of  llCd  gave  an  average  ova  count  of  12.7 
and  12.0  ova.  Increase  in  the  dose  of  IICG  to  20  i.u.  resulted  in  an  increase 
in  the  average  ova  count  to  21.1. 

DISCUSSION 

The  present  results  confirm  the  significance  of  age  in  the  superovulatory 
response  in  both  mice  (4)  and  rats.  Following  treatment  with  gonado¬ 
tropins,  no  ova  were  obtained  in  the  mice  prior  to  13  days  of  age,  nor  in 
the  rats  prior  to  17  days  of  age.  The  failure  of  Price  and  Ortiz  (7)  to  obtain 
follicular  maturation  at  18  days  of  age  in  the  rat  treated  with  PAIS  is 
probably  due  to  a  strain  difference.  It  is  of  interest  to  note  that  the  onset 
of  imluced-ovulation  is  obtained  after  antrum  formation  which  occurs  at 
12  to  14  days  of  age  in  mice  (o)  and  11  days  of  age  in  rats  (6).  This  would 
tend  to  confirm  the  hypothesis  that  only  follicles  with  antra  are  capable 
of  being  stimulated  and  thus  the  phenomenon  may  be  identified  with  the 
developing  competence  of  the  follicle  to  respond  to  gonadotropins.  Once 
competence  to  respond  is  established  the  respon.se  increases  rapidly  by 
virtue  of  an  increasing  number  of  follicles  becoming  capable  of  responding. 
Nevertheless  the  number  of  ova  released  at  the  time  of  maximum  response 
is  still  a  minute  part  of  the  number  present  in  the  ovary. 

The  di^crease  in  number  of  ova  released  in  tlie  mouse  from  27  to  (it) 
days  of  age  as  compared  to  the  response  at  25  to  26  days  of  age  is  explain¬ 
able  on  the  basis  of  increased  requirement  for  gonadotropins.  Comparable 
numbers  of  ova  were  r(4eased  at  40  to  45  and  at  23  to  26  days  of  age  if 
the  amount  of  gonadotropin,  especially  the  HCG,  was  increased.  Thus  the 
phenomenon  is  not  one  of  decreasing  number  of  ova  with  age  (8,  9)  since 
this  decrease  still  allows  for  the  presence  of  many  more  ova  than  are  being 
released  but  appt'ars  to  be  a  situation  comparable  to  .sensitivity  changes 
in  the  reproductive  tract  of  the  rat  (10).  In  general  the  rat  behaved  sim¬ 
ilarly  to  the  mouse  although  the  dosages  of  gonadotropin  used  at  50  days 
of  age  failed  to  release  as  many  ova  as  obtained  at  days  23  to  32.  Never¬ 
theless  superovulation  was  induced  in  the  50-day-old  animal. 
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EPTECT  OF  SOY-FLOUR  DIET  AND  OTHER  AGENTS  ON 
EXCRETION  OF  P*'  AFTER  USE  OF  LABELED 
THYROXINE  IN  THE  RAT‘ 

JAMES  R.  McPherson  and  a.  albert 

Section  of  Medicine  and  Section  of  Physiology,  Mayo  Clinic 
and  Mayo  Foundation,  Rochester,  Minnesota 

ABSTRACT 

The  fecal  and  urinary  excretion  of  radioiodine  (1‘*‘)  after  injection  of  radio¬ 
active  thyroxine  was  measured  in  rats  fed  diets  of  soy  flour,  starch-casein, 
standard  laboratory  chow  and  the  Remington  mixture.  Rats  fed  the  soj-flour, 
starch-casein  and  Remington  diets  excreted  less  I*®'  in  the  feces  than  did 
control  rats.  Xo  difference  was  present  in  the  biliary  excretion  of  or  in  the 
transformation  of  I'’*-thyroxine  by  the  intestinal  contents.  The  weight  of  stools 
of  the  rats  consuming  the  test  diets  was  one  half  that  of  the  control  group. 

The  thyroidal  uptake  of  and  the  serum  protein-bound  iodine  (FBI)  were 
low  in  the  rats  fed  soy-flour  diets.  The  thyroid  showed  a  small  increase  in 
weight,  but  the  gland  exhibited  less  cellular  activity  as  compared  with  the 
control  group. 

It  was  concluded  that  the  fecal  excretion  of  1'^*  after  administration  of 
labeled  thyroxine  is  not  easily  altered.  An  increa.se  in  the  bulk  of  the  stools  or 
an  increase  in  biliary  excretion  of  allows  an  abnormally  increased  loss  of 
I”*  in  the  feces.  A  decrease  in  weight  and  bulk  of  the  stools  is  accompanied  bj-  a 
decreased  loss  of  I**‘.  The  small  goiter  produced  in  rats  fed  soy  flour  did  not 
appear  to  be  on  the  basis  of  excessive  loss  of  thyroxine  in  feces. 

VAN  MIDDLESWORTH  (1)  found  that  rats  fed  a  diet  rich  in  soy 
flour  became  goitrous  and  excreted  three  times  as  much  radioiodine 
(P®*)  in  the  feces  after  a  tracer  dose  of  radioactive  tliyroxine  as  did  rats 
fed  a  starch-casein  “control”  diet.  This  excessive  fecal  excretion  of  tlie  thy¬ 
roxine,  or  its  degradation  products,  was  considered  to  be  the  cau.se  of  the 
goiter.  Previously,  propylthiouracil  was  the  only  agent  known  to  cause 
an  increased  fecal  excretion  of  P®‘  after  use  of  radioactive  thyroxine  (2), 
possibly  because  of  an  increased  biliary  excretion  of  radioactivity  (8). 

The  implication  of  Van  Middlesworth’s  work  is  that  soy  flour  contains 
or  acts  like  a  “thyroxorrheic”  agent.  Since  a  goitrogen  acting  exclusively 
in  this  manner  had  not  been  described  previously,  it  was  thought  worth 
while  to  pursue  further  investigation  of  the  effects  of  a  soy-flour  diet  and 
other  experimental  diets,  of  agents  known  to  influence  phases  of  the  entero- 
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hepatic  circulation  of  thyroxine,  and  of  factors  known  to  alfect  the  general 
metabolism  of  the  rat. 


MATERIALS  AND  METHODS 

Malt'  albino  rats  of  tlic  Sprague- Da wloy  strain  in  groui)s  of  four  to  eight  animals  each 
were  used  throughout  the  study  .  The  rats  were  placed  in  imliviilual  metabolic  cages, 
and  an  accurate  daily  record  of  intake  of  food  and  water  and  excretion  of  feces  and  urine 
was  kei)t.  I'^'-labeled  sodium-/-thyroxine  of  high  specific  activity  (Abbott  Labora¬ 
tories,  Oak  Rhlge,  Tennessee)  was  administered  subcutaneously  in  doses  not  exceeding 
1  jug.  The  I'^'  was  measured  by  a  well-type  Ceiger  counter  with  a  Tracerlab  Scaler.  All 
samples,  including  a  pilot  of  the  dose,  were  diluted  to  a  constant  volume.  Radioactivity 
was  expressed  as  a  percentage  of  tlu'  dose.  lixcretion  studies  were  carried  out  for  120 
hours  after  injection  of  the  labeled  thyroxine. 

Values  for  the  fecal  and  urinary  excretion  of  1'^'  after  a  physiologic  dose  of  radio¬ 
active  thyroxine  were  established  for  rats  fed  the  “control”  diet  of  ground  “Friskies.”® 
Four  experimental  diets  were  used  as  follows:  1.  Soy-flour  diet  similar  to  that  used  by 
Van  Middlesworth  (30%  soy  flour,’  20%  purified  casein^  and  10%  cottonseed  oil,  plus 
a  complete  vitamin  mixture).  The  iodine  content  of  this  mixture  was  0.11  ng  per  gram; 
it  is  subsequently  referred  to  as  soy  diet  #1 . 2.  Soj-  diet  #2,  with  the  same  formulation  of 
soy  diet  #1  but  containing  6  gg  of  iodine  per  gram.  3.  Starch-casein  diet,  with  the  same 
formulation  as  soy  diet  #1  but  with  cornstarch  substituted  for  soy  flour.  The  iodine  con¬ 
tent  of  this  diet  was  0.07  MS  Sni.  4.  Low-iodine  diet,’  as  formulated  by  Remington  (4), 
containing  0.05  /xg  of  iodine  per  gram.’ 

The  excretion  of  I”'  in  bile  afccr  the  use  of  labeled  thyroxine  was  measured  in  rats 
fed  the  control  diet  and  the  two  soy-flour  diets.  The  bile  was  collected  from  the  common 
bile  duct  through  a  polyethylene  cannula.  Fractionation  by  two-dimensional  paper 
chroma  ography  was  carried  out  on  the  samples  of  bile  and  urine  from  rats  feds  soy  diet 
§\  and  soy  diet  #2. 

The  chromatograms  were  developed  in  butanol  :dioxane:2N  ammonium  hyilroxide 
overnight  and  then  in  tertiarj-  amyl  alcohol  :2N  ammonium  hydroxide  for  2  days.® 
Radioactive  thyroxine  and  “radioactive”  bile  from  donor  rats  were  injected  into  the 
iluodenum  of  rats  fed  the  control  diet  and  the  soy-flour  diets,  and  the  1”*  in  urine  and 
feces  was  determined. 

Intes.inal  contents  from  rats  fed  the  control  diet  and  soy  diet  #2  were  incubated  for 
24  hours  with  radioactive  thj-roxine  and  with  radioactive  bile,  and  aliquots  of  these  were 
fractionated  by  precipitation  with  trichloroacetic  acid  and  extraction  with  butanol. 

The  functional  status  of  the  thyroid  was  studied  in  rats  fed  the  various  diets  by 
measurement  of  FBI,  the  6-hour  thyroidal  uptake  of  1‘”  and  the  thyroidal  weight,  and 
by  histologic  examination. 

RESULTS 

The  cumulative  fecal  and  urinary  excretion  of  in  various  control 
{groups  of  rats  is  shown  in  the  accompanying  figure.  The  mean  values  and 

’  Albers  Milling  Company,  Division  of  Carnation  Co.,  Los  Angeles,  California. 

’  Cellu  soy  flour.  Archer  Daniels-Midland  Co.,  Chicago,  Illinois. 

*  Nutritional  Biochemicals  Co.,  Cleveland,  Ohio. 

’  The  iodine  content  of  each  diet  was  determined  by  our  colleagues  in  the  Section  of 
Biochemistry. 

®  The  authors  are  indebted  to  Dr.  E.  V.  Flock,  of  the  Section  of  Biochemistry,  for 
performing  the  chromatographic  studies. 
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'  Hours  after  injection 

Fig.  1.  Cumulative  fecal  and  urinary  excretion  of  I'”  after  tracer  dose  of  radioactive 
thyroxine  in  seven  control  groups  of  rats.  Fiach  point  is  a  mean  value  rejrresenting  from 
four  to  11  rats.  The  following  data  give  the  number  of  animals  and  the  average  weight 
for  each  control  group:  1  =eight  rats,  100  gm.;  2  =  four  rats,  150  gm.;  3  =  four  rats,  100 
gm.;  4  =  four  rats,  150  gm.;  5=11  rats,  150  gm.;  0  =  four  rats,  190  gm.;  7  =  four  rats. 
270  gm. 

standard  (‘irors  for  the  39  control  rat.s  in  the  o  days  of  study  wore  54.9  +  1.3 
percent  of  tlie  dose  in  the  feces  and  34.5  ±0.8%  of  the  dose  in  the  urine. 
The  average  daily  weight  of  the  fecal  mass  for  a  150-gm.  rat  ingesting  15 
gm.  of  food  was  7  gm. 

No  dilTerence  from  the  control  values  for  urinary  and  fecal  excretion  of 
!'**  was  found  in  groups  of  rats  receiving  injections  of  500  pg  of  /-thyroxine, 
12  jug  of  /-triiodothyronine  or  2.5  mg.  of  cortisone  acetate,  when  each  drug 
was  administered  daily  for  7  days  prior  to  the  tracer  dose  of  labeled  thy¬ 
roxine  and  treatment  was  continued  through  the  observation  period.  The 
feeding  of  potas.sium  thiocyanate  for  1  month,  exposure  of  the  rats  to  a 
temperature  of  5°  C  for  1  week,  the  feeding  of  40  mg.  of  neomycin  sulfate 
prior  to  and  during  the  study,  and  the  administration  of  .saccharo- 1,4- 
lactone  (an  inhibitor  of  glucuronidase)  failed  to  produce  any  .significant 
difference  in  the  proportional  excretion  of 
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Propyltliiouracil  (0.1%  solution)  given  in  tlie  drinking  water  for  8  weeks 
before  and  during  the  study  caused  04.0  ±  1.9%  of  the  to  appear  in  the 
'Vces,  while  20.9  ±0.5%  of  the  do.se  was  in  the  urine.  Xo  significant  differ- 
‘iice  was  evident  in  the  weight  of  tl\e  feces  compared  to  control  values. 

The  daily  injection  of  0.1  mg.  of  epinephrine  for  7  days  prior  to  and  dur¬ 
ing  the  study  resulted  in  a  fecal  excretion  of  05.1  ±0.5%  of  the  I'^'  inject(‘d 
ind  a  urinary  excretion  of  54.1  ±0.5%  of  the  dose  without  any  alteration 
n  the  fecal  weight  or  in  the  fr(‘(iuency  of  the  fecal  ejections.  Administration 
»f  2,4  dinitrophenol  in  an  oral  dose  of  10  mg.  p(‘r  day  for  2  w(*eks  cau.s(‘d 
"0.5  ±1.5%  of  the  inj(*ct(‘d  I'-'"  to  appc'ar  in  the  fec(*s,  while  50.0  ±1.5% 
ipp('ar(‘d  in  tin*  uriiu*. 


Table  1.  Kxt  RETiox  ok  1‘’‘  ok  rats  ked  varioi  s  diets 


1  )iet 

l‘)xcretion  < 

Feci's 

)!'  1'3'* 

I'riiu' 

Feees  exeretedj 
jxT  24  hours, 

Kill. 

Total  24-liour 
radioactivity  in 
bile,  per  cent 
of  do.se  t 

(8)30.8  +  1.3  1 

4.5  .(>+2.0 

1  .0 

— 

Starch-casvin 

(4)  10. 4  +  1. .5 

44.3+2.8 

1  .0 

Soy  diet  #1 

1  (8)27.8±0.0 

42.8±1  .3 

3.5 

(4)23 

Soy  diet  #2 

1  (20)  27.4  ±0.7 

.50 .  .5  ±  1  . 1 

3.5 

j  (4)  25 

Coiitnd 

(30)  .54.0  ±  1  .3 

1 

'  34.510.8 

7.0 

(4  )  23 

*  CuinuliitivD  excretion  (b  days)  of  1'“'  expressed  as  ])er  cent  of  radioactivity  injected 
(mean  ±S.K.).  Xninliers  in  parentlu'ses  indicate  nuinher  of  rats  per  uronp. 

t  Bile  collected  via  cannula  for  24  hours  after  injection  of  radioactive  thyroxine. 


The  fecal  excretion  of  P®’  was  increa.sed  to  07.0  ±5.1%  of  the  amount 
injected  in  rats  given  2  gm.  of  psyllium  hydrophilic  mucilloid  (metamucil) 
in  their  food  and  4  ml.  of  an  emulsion  of  mineral  oil  and  phtmolphthalein 
(agoral)  in  their  drinking  water  per  day.  The  urine  containt'd  51.  1  ±2.0% 
of  the  P®*  injected. 

X  decrea.se  in  fecal  radioactivity  to  55.8  ±2.0%  of  that  injecttnl  was 
accomplished  by  limiting  the  intake  of  food  so  that  the  weight  of  the  fecal 
ina.ss  was  only  one  half  of  that  ol).scrv(*d  in  a  group  of  rats  given  an  un¬ 
limited  (piantity  of  food.  The  urine  contained  42.5  ±1.4%  of  the  radio¬ 
activity  by  the  end  of  the  5-day  p(‘riod. 

Table  1  shows  the  comparative  values  for  excretion  of  P^‘  by  groups  of 
rats  fed  the  expc'rimental  diets.  The  control  group  had  the  greatest  excr(‘- 
lion  of  P®‘,  namely  54.9%  and  the  highest  fecal  weight  per  24  hours.  The 
f  ‘cal  excretion  of  P®*  in  the  two  groups  fed  the  soy-flour  diets  was  one  half 
;  s  much  as  that  of  the  control  group.  The  weight  of  feces  excret(*d  in  24 
’  ours  was  also  one  half  of  that  in  the  control  group.  The  rats  fed  the  iodim*- 
oeficient  soy  diet  excreted  le.ss  P®*  in  the  urine  (42.8%)  than  did  those 
■d  soy  diet  #2  (56.5%);  this  is  a  difference  of  14  percentage  points.  The 
iliary  excretion  of  P^‘  was  the  .same  in  these  three  groups.  The  rats  fed  the 
tarch-casein  diet  had  a  fecal  excretion  of  P®'  that  was  about  one  third  as 
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mucli  as  that  of  tlio  control  group  and  approximately  two  thirds  of  that  of 
the  rats  f(*d  soy  flour.  The  stool  weight  was  greath’  redu(‘(*d  in  the  starch- 
casein  group  compared  to  that  in  the  soy-flour  and  control  groups.  The 
(‘xcretion  of  I'®‘  by  rats  on  the  Remington  diet  was  similar  to  that  by  rats 
eating  the  soy  diet  ifl. 

Chromatographic  fractionation  of  bile  from  the  control  rats  and  from 
tho.se  f(‘d  the  soy  diet  #2  did  not  demonstrate  any  difference  in  the  type's  of 
radioactive  substances  present  in  the  specimens.  Pape'r  chromatography  of 
uriiK'  from  rats  fenl  the  soy  diet  #2  revealed  that  91%  of  the  radioactivity 
was  in  the  form  of  inorganic  iodide. 

Wlu'ii  radioactive  thyroxine  was  instilled  directly  into  the  duodenum  of 
four  rats  fed  the  .soy  diet  §2,  the  mean  fecal  excretion  in  48  hours  represented 
28.1%  of  the  radioactivity,  while  .10.7%  appeared  in  the  urim*.  This  con¬ 
trasted  with  a  fecal  excretion  of  .54%  and  a  urinary  (*xcretion  of  27%  when 
radioactive  thyroxine  was  instilh'd  into  the  duodenum  of  rats  receiving  tlic 
control  diet.  When  alicpiots  of  “radioactive”  bile  (from  the  bile  ducts  of 
rats  given  .50  micrograms  of  radioactive  thyroxine)  were  instilled  into  the 
duodenum  of  four  rats  f(*d  the  control  di(*t  and  four  rats  h'd  the  soy  diet 
^2,  the  mean  48-hour  fecal  excretion  of  radioactivity  was  t)l.()%  for  tlic 
control  rats  and  ^11.8%  for  the  latter  group. 

Incubation  of  radioactive  thyroxine  or  radioactive  bile  with  the  intestinal 
contents  of  rats  fed  the  soy  diet  #2  did  not  produce  any  difference  in  the 
proportional  amounts  that  were  precipitable  by  trichloroacetic  acid  or 
soluble  in  butanol  when  compared  to  incubation  with  the  intestinal  con¬ 
tents  from  rats  r(‘C(‘iving  the  control  diet. 

The  soy  di(‘t  that  was  defici(‘nt  in  iodine  caiisf'd  a  decrease  in  PHI  from  a 
control  value  of  .5. .5  jug  pt'r  100  ml.  to  1.8  juS  hut  surpri.singh'  did  not  produce 
a  great  increase  in  the  thyroidal  uptake  of  P®'.  The  thyroidal  weight  of  thi' 
group  of  rats  was  increas(*d  only  slightly  from  the  control  level  of  .5. .5  mg. 
per  100  gm.  of  body  weight.  The  thyroid  showed  some  increase  in  weight 
after  the  rats  were  fed  the  soy  diet  #2  for  81  days.  The  uptake  of  P®‘  in  tlu* 
rats  receiving  the  diet  with  abundant  iodine  was  less  than  that  of  the  con¬ 
trol  group  de.spite  a  decreased  PHI.  The  histologic  picture  of  the  thyroid  in 
the  rats  fed  the  .soy  diet  #2  suggested  less  cellular  activity  as  compared  to 
that  in  the  rats  fed  soy  diet  ifl.  The  Remington  diet  caused  a  pronounce  I 
increase  in  the  uptake  of  P®*  and  an  increase  in  thyroidal  weight.  The." 
aspects  of  thyroidal  function  are  summarized  in  Table  2. 


COMMENT 


Our  observations  on  the  fecal  excretion  of  P®‘  in  rats  fed  the  starch 
casein  diet  and  the  soy  diet  §1  are  similar  to  the  findings  of  Van  Middles 
worth  (1).  However,  Beck  (2)  reported  fecal  excretion  of  more  than  100'^ 
of  the  injected  dose  of  radioactive  thyroxine  in  .soy -fed  rats,  while  the  con 
trol  rats  fed  starch-casein  excreted  70%  of  the  dose  after  90  hours.  Tli 
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addition  of  iodine  to  soy  diet  #1  did  not  change  the  fecal  weight  or  the  pro¬ 
portion  of  radioactivity  excreted  in  the  feces  but  did  allow  a  greater  n'- 
covery  of  I'®*  in  the  urine,  showing  that  the  not  excret('d  in  the  fec(‘s 
actually  is  re-entering  the  l)lood  stream. 

The  soy-flour  diet  allows  for  greater  reabsorption  of  thyroxine  from  tin* 
gastrointestinal  tract  than  does  the  control  diet.  This  statement  appears 
to  be  justified  since  the  rate  of  excretion  of  radioactivity  in  the  bile  and  the 
relative  concentration  of  I'®*  compounds  in  the  bile  are  the  same  in  both 
diets  and  since  no  diffenuice  exists  in  the  transformation  of  thyroxine  or 
products  of  biliary  excretion  brought  about  by  the  intestinal  contents  in 


Table  2.  Tiiykoidal  elnction  in  rats  fed  vakiofs  oiets 


1  )ict 

Xumher 
of  days 
oil  dii't 

Iodine 
content 
of  diet, 

MK./Rin. 

PHI, 

MK/HtO 

ml.* 

Thyroidal 
I”'  uptake 
at  ()  hours, 
per  cent  of 
dose* 

Thyroidal 
weight, 
mg.  / 100 
gm.  of 
liody 
weight* 

Histology 

(’oiitrul 

.1(1 

t).(tt 

_ 

(5) 

b.b  ±0.4 

(38) 

1 .47  +0.1 

(38) 

±0.1 

Minimal  colloid;  tall 
columnar  cells 

Suy  diet  fjtl 

17 

0.11 

(4) 

1  .8+0.3 

(8) 

1  .82  ±0.1 

(8) 

.0+0.4 

Colloid  more  aluin- 
dant;  medium  cell 
height 

Soy  diet  #2 

17 

(i.Ot 

(8) 

0.34  ±0.1 

(8) 

.T.,T±0.1 

.Muindant  colloid; 

31 

(i.OJ 

(b) 

3.C.±0. 1 

(12) 

0.t)2  ±0.1 

(12) 

f).  1  ±0.3 

flattened  cells 

l<(‘miugt()ii 

47 

O.O.T 

(10) 

3.07  ±0.2 

(10) 

7.4  ±0.3 

— 

*  Nuniher.s  in  parentheses  indieate  miinlxT  of  oliservations.  Mean  value's  and  standard 
I'rrors  are  tsiven. 

t  Total  iodine  content;  1.1  mK  <>f  this  was  organic  iodine, 
t  Iodine  added  to  the  diet  in  the  form  of  potassium  iodide. 


both  di(‘ts.  Beck  (2)  did  not  find  any  quantitative  or  qualitative  diff(*rence 
in  the  biliary  excretion  of  radioactivity  in  rats  ft'd  an  iodine-deficient  soy- 
flour  diet  or  a  .starch-ca.sein  diet.  The  combined  urinary  and  fecal  content 
of  I*"”  after  5  days  was  the  .same  in  both  groups,  and  there  was  no  difference 
in  the  type  of  radioactive  compounds  found  in  the  feces.  The  only  mea.s- 
urable  factor  to  account  for  the  difference  in  fecal  (*xcretion  in  our  study  is 
the  (lifTenmce  in  the  weight  of  tlu‘  fecal  mass  expi'lh'd  p(*r  day. 

The  actual  intaki*  of  iodine  by  tlu'  rats  in  Van  .Middh'sworth’s  study  was 
not  indicated.  In  our  study,  a  100-gm.  rat  eating  the  soy  diet  without  a<lded 
oota.ssium  iodide  receiv(*d  a  maximum  of  1.4  jug  of  iodiiu'  pi'r  day.  It  has 
teen  (*stimated  that  between  1  and  2  jug  of  iodine  p(*r  day  is  the  daily  re- 
luirement  for  the  prevention  of  goiter  in  rats  (5).  The  low  iodini'  content 
>f  the  .soy  diet  can  account  for  the  high  thyroidal  uptake  of  I'®'  found  by 
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Van  Middles  worth.  The  production  of  a  goiter  weighing  14  mg.  per  100  gm. 
of  body  weight  in  Van  Middlesworth’s  investigation  could  be  the  result  of 
iodine  deficiency;  however,  the  appearance  of  a  goiter  in  rats  after  just  2 
weeks  of  iodine  deficiency  is  unusual.  Money  and  associates  (6)  found  that 
106  days  of  an  iodine-deficient  diet  was  necessary  in  rats  to  produce  a 
goiter  of  9.4  mg.  per  100  gm.  of  body  weight. 

Although  McCarrison  (7)  and  also  Sharpless  and  co-workers  (8)  reported 
the  occurrence  of  large  goiters  in  rats  fed  soy  flour  despite  an  intake  of  large 
amounts  of  iodine,  it  was  shown  later  by  Wilgus  and  associates  (9)  and 
Halverson’s  group  (10)  that  the  goitrogenic  property  of  soy  flour  was  com¬ 
pletely  counteracted  by  the  addition  of  an  adequate  amount  of  iodine.  Tlu* 
observation  in  our  study  of  a  slight  increase  in  thyroidal  weight  after  AhhI- 
ing  the  soy  diet  fl  for  5  weeks  (the  P  value  for  the  difference  is  0.02)  sug¬ 
gests  that  a  goitrogenic  factor  may  be  present  in  soy  flour  but  the  gland  is 
not  hyperactive  nor  does  it  take  up  P**  very  avidly.  The  existence  of 
“soybean  goiter”  cannot  be  denied  unequivocally  on  the  basis  of  this  study, 
but  it  appears  that  the  mechanism  is  not  likely  one  of  excessive  loss  of 
thyroxine  in  the  feces. 
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KABIUT  PREGNANCIES  AFTER  IMMCNIZATION 
WITH  EXTRACT  OF  THYROID  GLAND* 

ABSTRACT 

A  rounh  correlation  was  observed  in  mother  rabbits  immunized  to  an  extract  of 
rabbit  thyroid,  between  the  height  of  antithyroid  antibody  titer  achieved  and  the 
incidence  and  degree  of  histologic  changes  of  “thyroiditis.”  No  significant  abnor¬ 
mality  was  observed  in  the  thyroids  of  mother  rabbits  given  saline  or  immunizing 
injections  to  hog  or  human  thyroid  gland,  .\lthough  transplacental  transfer  of 
thyroid  antibody  was  demonstrated  and  there  was  a  high  incidence  of  fetal  death 
in  rabbit-thyroid  immunized  rabbits,  no  evidence  of  congenital  hypothyroidism  was 
demonstrable  in  the  fetuses. 


INTRODUCTION' 

Morphologic  changes  similar  to  those  in  Hashimoto’s  struma  have  been  produced  in 
the  thyroid  glands  of  rabbits  by  active  immunization  with  rabbit-thyroid  e.xtracts  (1,  2). 
Roitt  et  al.  (3)  demonstrated  thyroid  auto-antibodies  in  the  sera  of  patients  with  Hashi¬ 
moto’s  disease.  Doniach  and  Roitt  (4)  found  thyroglobulin  precipitins  in  the  sera  of  6 
patients  with  “spontaneous”  non-goitrous  myxedema.  These  considerations  led  us  to 
investigate  the  possibility  that  thyroid  auto-antibody  in  the  mother  might  be  trans¬ 
mitted  through  the  placenta  to  combine  with  the  developing  fetal  thyroid  gland  and 
produce  intra-uterine  hj’pothyroidism  (5,  6).  This  communication  is  a  report  of  the 
study  in  rabbits. 

METHODS 

Fifty  female  New  Zealand  White  and  Sandy  Flemish  rabbits  weighing  85  fo  13  pounds 
were  divided  into  four  groups.  Twenty-three  rabbits  comprising  Group  I  were  “immunized” 
with  a  saline  extract  of  rabbit-thyroid  with  the  complete  Freund's  adjuvant  at  4  week  inti'r- 
vals.  Eight  (Group  II)  were  similarly  “immunized”  against  hog  thyroid  extract  and  8  against 
human  thyroid  extract  (Group  III).  Eleven  were  similarly  injected  with  either  saliiu!  oidy, 
or  were  given  no  injections  ((Iroui)  IV). 

.\11  rabbits  were  bled  at  the  second  and  third  week  after  the  “immunizing”  or  saline 
injection  and  were  mated  after  the  first  to  fifth  injection.  caesarean  section  was  performed 
approximately  two  days  before  the  expected  date  of  delivery,  and  24  hours  after  a  tracer 
do.se  of  25  microcuries  of  I‘’‘  was  given  subcutaneously  to  the  mother.  Blood  was  drawn  from 
each  fetus  for  a  serum  protein-bound  iodine,  PBI,  (7),  and  when  possible,  a  butanol  extract- 
able  iodine,  BEI,  determination  was  done  (8).*  The  fetal  and  maternal  thyroid  glands  were 
blotted,  weighed,  and  counted  in  a  scintillation  well  counter  with  the  aid  of  a  spectrometer, 
then  fixed,  sectioned,  and  stained.  In  7  mother  rabbits  after  cae.sarean  section,  the  abdomen 
was  closed  and  counts  were  made  over  the  thyroid  gland  before  and  after  the  administration 
of  0.3  gm.  of  potassium  thiocyanate,  KSCN,  intraperitoneally  (0).  Thyroid  antigen  was  pre¬ 
pared  and  administered  by  the  method  of  Witebsky  and  Rose  (10)  from  rabbit,  hog,  or 
human  thyroid  glands  obtained  by  surgical  thyroidectomy.  VVitebsky’s  modification  of 
Boyden’s  tanned  red  blood  cell  hemagglutination  technique  (iO)  was  u.sed  initially  to  demon¬ 
strate  the  presence  or  absence  of  circulating  thyroid  autoantibodies. 

Pnihology 

From  two  to  six  microscopic  sections  of  each  thyroid  gland  examined  were  graded  with¬ 
out  knowledge  of  immunologic  data.  Histologic  grades  were  assigned  according  to  the  type 
and  extent  of  the  inflammatory  reaction  and  amount  of  altere(l  colloid  (i.e.  granularity). 
Final  grading  included:  negative  (0)  and  positive  (grades  1,  2,  3  and  4)  according  to  the 
extent  and  types  of  specific  histologic  changes. 
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UKSULTS 

All  (lata  arc  i)r(“s(‘iit(‘<l  in  Table  1  for  the  four  nroui)s  of  rabbits  as  outlined  under 
“Methods.” 

No  sifjnifieant  abnormality  was  observed  histologically  in  the  thyroid  glands  of  saline 
inji'cted  or  non-injeeted  rabbits  or  in  rabbits  “immunized”  against  hog  and  human 
thyroid  glands  to  relatively  high  titers.  \  rough  correlation  was  observed  in  the  rabbit- 
thyroid  immunized  mother  rabbits  between  the  height  of  antithyroid  antibody  titer 
achieved  and  the  incidence  and  degree  of  histologic  change's  of  “thyroiditis.”  None  of  the 
fetal  thyroid  glands  in  any  of  these  gntujjs  showed  changes  of  the  type  s('en  in  the  thyroid 
glands  of  mother  rabbits  of  Group  1. 

Transplacental  transfer  of  thyroid  antibody  was  demonstrated  in  every  hog-  and 
human-thyroid  immunized,  and  in  all  but  3  rabbit-thyroid  immunized  rabbits,  in  which 
antibody  titers  were  obtained  at  delivery. 

\  fairly  high  percentage  of  litters  was  found  to  have  one  or  more  dead  fetuses  at 
caesan'an  section.  The  incidence  of  affected  litters  was  highest  in  the  rabbit-thyroid  and 
hog-1  hyroid  “immunized”  groups.  The  percent  of  affected  fetuses  in  each  affected  litter 
was  highest  in  the  rabbit-thyroid  “immuniz(‘d”  groujj.  No  significant  difference  between 
tlu'  various  grou|)s  was  observ('d  in  brain  size  or  configuration  other  than  that  associated 
with  fetal  (h'ath. 

.Mthough  the  intra-litter  incidence  of  dead  fetuses  was  highest  in  rabbits  with  demon¬ 
strable  antibody  titers  to  rabbit-thyroid  antig('n,  then*  was  no  significant  difference' 
within  the  rabbit-thyroid  immunized  groups  or  between  Groups  1,  11,  111  and  IV  with 
regard  to  maternal  and  fetal  serum  PBl  and  BEl  concentrations  or  24-hour  thyroidal 
1131  “viptake”  (h'terminations. 

KSC'N  testing  in  vivo  failed  to  demonstrate  impaired  organic  binding  of  iodine  in 
any  of  the  7  rabbit-thyroid  immunizi'd  rabbits  in  spite  of  the  fact  that  rabbits  #10(5  and 
#214  had  grade  4  hist(dogic  changes. 
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ANTI-ENDOTOXIC  ACTIVITY  OF  CORTK'OSTEROIDS 
AHSTH.\CT 

.\  metluxl  for  assayiiiK  eortioosteroid  activity  based  on  the  protection  against  tlu‘ 
lethal  action  of  bacteria!  endotoxin  ha.s  been  developed. 

binear  relationships  between  survival  and  dose  of  endotoxin  were  observed  when 
a  mixture  of  endotoxin  and  steroid  were  given  intracardially  to  adr»‘nalectomized 
rats. 

The  relative  activities  of  corticosteroids  in  j)rot(“cting  against  endotoxins  are  dif¬ 
ferent  from  their  apparent  anti-inflammatory  activities. 

The  protective  action  of  cortisone  and  cortisol  against  the  lethal  effect  of  bacterial 
endotoxin  has  been  demonstrated  in  rabbits,  rats,  mice,  and  chick  embryos  (1).  Lewis 
and  Page  (2)  suggested  that  the  protective  effect  of  corticosteroids  against  the  lethal 
action  of  typhoid  vaccine  in  adrenalectomiz(>d  rats  provided  a  basis  for  a  .steroid  assay. 
Halberg  et  al.  (3)  demonstrated  that  when  adnuialectomizc'd  mice  were  challenged  with 
Brucella  endotoxin  not  only  cortisone  and  cortisol  but  also  9-a-fluorohydrocortisom‘, 
and,  to  some  degree,  aldost(‘rone,  ])revented  hypothermia  in  the  mice  and  jirolongc'd 
their  survival.  Levitin,  Kendrick,  and  Kass  (4)  found  that  the  protective  action  of  corti¬ 
costeroids  could  be  measured  in  intact  animals,  but  that  unless  the  steroids  were  given 
directly  into  the  circulation'  their  effect  might  be  obscured  by  difference's  in  the  rates 
with  which  the  steroids  were  mobilized  from  local  tissue  site's  eef  elepositie)n.  These 
weerkers  observi'el  that  in  rats  corticostere)nc  was  alme)st  as  efticae-ieeus  as  ceertised  when 
given  intracarelially  with  enele)te)xin,  whereas  these  two  steroiels  eliffere-el  in  their  protective 
action  afte'r  subcutaneous  aelministration. 

We,  there'fore,  devise'el  an  assay  in  which  aelre'nale'cte)mize'el  rats  were'  inje'cte'el  intra- 
e-arelially  with  mixtures  eef  cortice)stere)iels  anel  eneleeteexin.  While  these  stuelies  were'  in 
preegress  (5),  Gass  anel  I'mberger  (6)  re'porteel  a  sugge'ste'el  assay  in  whie-h  aelre'iialecte)- 
mize'el  rats  were  given  large  eloses  of  eneleetoxin  intraperitoneailly,  anel  the  action  of  cortiseel 
in  prolonging  survival  anel  in  eliminishing  hj’pothermia  was  eletermineel;  no  information 
ceencerning  other  steroids  was  jeresenteel. 

P’emale  white  rats  weighing  100-150  gram.s  were  adrenaleciomized  uneler  light  ether  aiu's- 
thesia  24  hours  before  use.  The  animals  were  given  saline  drinking  water.  Knelotoxin  anel 
steroiel  were  given  intracardially  in  a  single  mixture,  unless  otherwise  noted.  .Mthoughthe 
enel-point  was  taken  as  eleath  after  24  heeurs,  meest  animals  succumbeel  within  the  first  5 
hours  after  injection,  .\nimals  dying  eluring  the  first  heeur  after  inje'ction  were  consielere-el  to 
have  died  of  trauma  ineielent  to  the  injectieen  or  to  the  embolic  action  of  undissolveel  steroid, 
iind  were  removed  from  the  experiment.  Pericardial  hemorrhage  occurred  in  fewer  than  1'  , 
of  the  animals  injected  by  the  intracardiac  route.  The  dose  of  endotoxin  given  to  each  animal 
was  one  which  caused  apj)roximately  90%  of  test  animals  to  die  within  24  hours,  under  tlu' 
<'onditions  cited.  Environmental  temperature  of  the  animal  rooms  was  controlled  at  65-70“  F. 
The  manner  of  injection,  the  preparation  of  steroids  for  injection,  and  the  preparation  of  tin; 
S.  tijphi  endotoxin  have  been  de.scribed  previously  (4). 

RE.SULT.S  AND  DISCUSSION 

The  protective  effect  of  cortisol  in  this  system  is  shown  in  Figure  1.  In  this,  as  in 
subsequent  experiments,  the  percentage  of  dead  animals  receiving  endotoxin  and  sti'roid 
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Fig.  1.  Anti-endotoxic  activity  of  corticosteroids  in  adrenalectomized  rats.  Each  dose 
of  corticosteroid  was  given  intracardially  with  an  LDjo  dose  of  endotoxin. 


was  sul)tracted  from  tlie  percentage*  of  dead  animals  receiving  endotoxin  alone  in  the 
same  experiment.  The  jerotective  action  is  more  or  less  a  linear  function  of  the  logarithm 
of  the  dose  of  cortisol  per  rat  within  at  least  a  hundred-fold  range  of  concentration  of 
steroid.  The  relative  effects  of  de.soxycorticosterone  acetate  and  of  ffa-methyl  predniso¬ 
lone  are  also  shown  and  illustrate  the  general  linearity  of  protection  over  a  wide  range  of 
steroid  concentration.  The  dose  of  steroid  which  would  protect  50%  of  animals  (PD;,n) 
was  calculated.  The  PDao  values  of  a  variety  of  steroids  are  given  in  Table  1. 

The  different  methods  of  assay  of  anti-inflammatory  activity  of  corticosteroids  do  not 
agree  closely  (7,  S).  Thus,  it  is  not  surjjrising  that  the  anti-endotoxic  action  of  several 
of  the  steroids  tested  does  not  parallel  closely  their  apparent  anti-inflammatory  activity 

Table  1.  Protective  eeeect  of  corticosteroids  ox  adrenalectomized  rats  given 

ENDOTOXIN 


('ompound 

No.  of  animals 
used  in  assay* 

PDio 
mgs. /rat  t 

PD.io  relative 
to  cortisol 

C'ortisol 

271 

O.OO 

1  .0 

Cortisol  acetate 

](>1 

0.0.5 

1  .2 

1 1-deoxycorti.sol 

.53: 

0.00 

1  .0 

C'orticosterone 

11»4 

0.15 

0.4 

1 1 -dehydrocorticosterone 

!»!» 

0.17 

0.35 

1 1 -deoxycorticosterone  aci'tate 

27ti 

>1.7 

<0.04 

Progesterone 

.5!»: 

1  .7 

0.04 

11-OH  jirogesterone 

78 

0.3 

0.2 

17  progesterone 

54: 

>0.5 

<0.12 

Prednisone 

37: 

0.03 

2.0 

Prednisolone 

40 

0.03 

2.0 

0  o-methyl  prednisolone 

107 

<0.0017 

>35.0 

*  This  does  not  include  control  animals. 

t  The  pi'rcentage  of  dead  animals  receiving  both  endotoxin  and  steroid  was  subtracted 
from  the  percentage  of  dead  animals  receiving  endotoxin  alone  in  the  same  experiment. 
Kytraiiolation  from  the  jdot  of  jiercentage  survivors  versus  log  dose  of  steroid  gave  the  PDso 
(see  h'igure  1). 

{  These  compounds  were  so  in.soliilile  that  animals  given  higher  concentrations  died  with¬ 
in  30  minutes  of  injection,  probably  due  to  emboli.  Such  animals  were  not  included  in  the 
PDio  calculation. 
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as  measured  experimentally,  and  clinieally  (9).  Nevertheless,  the  activity  of  6a-methyl 
prednisolone  is  noteworthy  since  it  is  generally  agreed  that  this  substance  is  4-.o  times  as 
active  as  cortisol  as  an  anti-inflammatory  agent,  and  the  present  data  indicate  that  it  is 
more  than  35  times  as  active  as  cortisol  as  an  anti-endotoxic  agent — a  difference  that 
could  hardh'  be  explained  on  the  basis  of  variation  in  the  methods  used. 

sx;mm.\uy 

The  anti-endotoxic  action  of  corticosteroids  provides  the  basis  for  an  assaj-  in  which 
adrenalectomized  rats  are  given  intracardially  a  mixture  of  endotoxin  and  corticosteroid. 
The  anti-endotoxic  action  of  several  corticosteroids  has  been  found  to  differ  from  tlieir 
apparent  anti-inflammatory  activity. 

Prednisone  and  prednisolone  are  twice  as  active  as  cortisol  as  antiendotoxic  agents 
and  (ia-methyl  prednisolone  is  over  35  times  as  active  as  cortisol. 
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BIOGENESIS  OF  ESTROGENS  BY  THE  Hl'MAN  OVARY:' 

THE  CONVERSION  OF  ANI)ROSTENEI)IONE-4-G"  TO 
ESTRONE  AND  ESTRADIOL^  IN  HIGH  YIELD 

ABSTR.tC  T 

.Vndrostcncdione-4-G"  was  incubateil  with  tissue  from  the  polycystic  ovaries  of 
a  woman  treated  preoperatively  with  Ronadotropic  hormones.  Radioactive  estrone 
and  estradiol  were  isolated.  The  total  amount  formed  ajiproximated  15'7  of  th(“ 
starting  material.  The  possible  significance  of  such  a  relativ»‘ly  high  yield  is  discussed. 

It  has  been  demonstrated  that  human  ovarian  tissue  converts  testosterone  to  estro¬ 
gens  (1,  2),  but  in  such  low  yielil  as  to  raise  some  rpiestion  concerning  the  imiiortance 

Ib'ceived  May  3,  1961. 
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-  This  is  jiaper  No.  5  in  a  series  devoted  to  biogenesis  of  the  estrogens  by  the  human 
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of  tliis  miction  in  ovarian  estrogen  iiiosynthesis  in  vivo.  The  remarkahle  capacity  of 
placental  tissue  for  converting  androgens  to  estrogens  (3)  lends  strong  support  to  the 
thesis  that  androgens  are  involved  in  the  jdacental  biosynthesis  of  the  high  levels  of 
estrogen  in  jiregnancy.  In  a  current  series  of  studies  in  this  laboratory  the  (pialitativi' 
and  quantitative  aspects  of  ovarian  estrogen  biosynthesis  are  being  investigated.  The 
tissue  iirejiarations  used  are  from  greatly  enlargi'd,  polycystic  ovaries  from  women 
treated  jire-ojicratively  with  pituitary  gonadotropic  hormones.  Such  ovaries  elaborate 
estrogen  in  unusually  large  amounts  as  indicated  by  the  finding  of  levels  of  urinary 
estrogens  during  injections  that  are  normally  encountered  only  in  early  iiregnancy  (4,  5). 
If  androgens  ari'  of  major  imiiortance  in  the  ovarian  biosynthesis  of  estrogens,  such 
hypiTactive  ovaries  should  show  an  increased  capacity  for  androgen  to  estrogen 
conversion. 

MKTHOns  .\XI)  M.\TKKIALS 

The  ovaries  for  the  pn-sent  study  were  obtained  at  surgery  from  a  normally  menstruating 
woman  whe^had  received  50  mg.  equivalents  of  .\rmour  Standard  F.S.H.  daily  for  10  days, 
plus  20,000  i.i  .  of  HCG  during  the  last  4  days  before  operation.®  Greatly  enlarged  polycystic 
ovaries  were  obtained,  and  urinary  estrogens  on  the  13th  to  15th  days  of  treatment  ranged 
from  350  to  4.50  gg  jier  24  hours.®  The  follicular  cyst  linings  (11.2  gm.)  were  homogenized 
and  centrifuged  for  20  minutes  at  800 Xg.  The  supernatant  fluid  was  incubated  for  3  hours 
with  1.40X10®  c.|).m.  of  androst-4-ene-3,17-dione-4-C‘®  that  had  been  previously  purified  on 
a  Celite  column.®  The  methods  used  for  tissue  preparation  and  incubation,  extraction  of  the 
tissue  for  steroids,  fractionation  for  phenolic  metabolites,  measurement  of  radioactivity  and 
of  estrogens,  C^dite  column  chromatography,  further  purification  and  establishment  of 
identity  with  carriers  have  been  previously  described  (7,  8,  9). 

RESULTS 

The  incubation  mixture  was  extracted  3  times  with  6  volumes  of  chloroform  and  the 
residue  (tissue  and  aqiu'ous  phase)  treated  with  20  volumes  of  hot  acetone.  After  filtra¬ 
tion  the  acetone-aipieous  mixture  was  evaporated  to  5  ml.  and  extracted  3  times  with 
30  ml.  chloroform.  The  combined  chloroform  extracts  contained  1.20X10®  e.p.m.  or 
82%  of  the  starting  radioactivity.  This  was  jiartitioned  betweim  pentane  and  90% 
methanol  and  the  methanol  soluble  material  separated  into  “estriol.”  “estrone-estradiol” 
and  “neutral”  fractions  as  jireviously  described  (7).  Total  recovery  was  1.18X10®  e.p.m.; 
with  3.(5%  in  the  water  soluble  “estriol”  fraction,  24.4%  in  the  NaOH  soluble  “estrone- 
estradiol”  fraction  and  72.0%  in  the  residual  benzene : petroleum  ether  or  “neutral” 
fraction.  The  neutral  steroids  were  set  aside  for  later  study. 

The  “estriol”  fraction  (41,900  e.p.m.)  was  run  on  a  ('elite  column  with  200  /xg  each 
of  estradiol-17/3,  16-epiesteriol  and  estriol  added  as  carriers.  Four  distinct  peaks  of  radio¬ 
activity  were  observed  which  did  not  coincide  with  the  peaks  for  any  of  the  carriers  and 
were  not  identified.  There  was  no  concentration  of  counts  in  the  region  of  the  carrier 
estriol  section. 

The  “estrone-estradiol”  fraction  (287, .500  e.p.m.)  was  run  on  a  ('elite  column  with 

®  The  pituitary  follicle-stimulating  hormone  (ovine)  was  obtained  from  the  Armour 
I’harmaceutical  ('o.,  and  the  human  chorionic  gonadotropin  (Follutein)  from  E.  R. 
Squibb  and  Sons  through  the  courtesy  of  Dr.  Edward  F.  Reifenstein.  The  authors  an* 
indebted  to  Dr.  William  R.  .Mulligan  for  assistance  in  obtaining  the  gonadotropin- 
stimulated  ovaries. 

*  T'rinary  estrogens  (estrone,  estradiol  and  estriol)  were  measured  by  the  modifica¬ 
tion  of  the  .J.  R.  Brown  method  developed  in  this  laboratory  (b).  Total  estrogen  output 
in  this  patient  was  about  10  times  as  high  as  that  found  in  normally  menstruating  women 
at  the  ovulatory  peak  of  estrogen  excretion  (b). 

®  The  androstenedione-4-C'®  for  this  experiment  was  obtained  from  the  New  England 
Nuclear  (’orp.  (7. .570  microcuries  per  mg.). 
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Table  1.  PrRiKirATi()\  or  radioactive  estrone  from  androstenei)ione-4-(’‘^ 


Purification  stejis 
(successive) 

c.p.ni. 

U'A 

S])ecific 

activity 

Olite  coliiinii  (18  tubes) 

181  ,(>0() 

987+33* 

Pool  assav 

179,100 

180 

903 

Saponification  and  alkali  wash 

Mcthvlation  and  NaOH:  petroleum  ether 

154,400 

179 

803 

partition 

148,100 

170 

841 

.Mumina  chroinatograiihy 

141 ,800 

108 

844 

*  Avc.  ±S.l).  of  18  tubes  that  made  up  the  pool. 


200  /UR  each  of  androstenedione,  estrone  and  estradiol-1 7/3  added  as  carriers.  Si.\ty-seven 
jier  cent  of  the  radioactivity  was  recovered  in  the  estrone  section  and  20.3%  in  thi* 
estradiol  section.  The  only  other  concentration  of  radioactivity  was  in  the  androstene¬ 
dione  section  where  2%  of  the  total  c.ii.in.  applied  to  the  column  was  recovered. 

Purification  of  Radioactive  Estrone.  Table  1.  Statistical  analysis  of  the  estrone  jieak 
from  the  column  revealed  a  constant  specific  activity  over  18  tubes  of  987  ±33  c.p.m./pf!; 
with  a  coefficient  of  variation  of  3.3%  .  These  18  tubes  were  poohal  and  assayed,  purified 
by  saponification  and  alkali  wash,  methylated  and  subjected  to  further  purification  by 
hydrogen  peroxide  treatment  followed  by  NaOH : petroleum  ether  partition.  The  pi'- 
troleum  ether  extract  was  then  run  on  an  alumina  column.  At  each  .stej)  the  bulk  of  the 
radioactivity  ran  with  the  estrone  carrier.  There  was  some  loss  of  radioactivity  with 
saponification,  but  the  specific  activities  thereafter  were  constant  within  the  range  of 
error  of  the  methods  of  assay.  The  total  radioactivity  of  the  18  tubes  from  the  ('elite 
column  corrected  on  the  basis  of  the  change  in  specific  activity  and  tin*  losses  with  sub¬ 
sequent  purification,  was  estimated  to  ri'present  158,900  c.p.m.  of  radioactive  estrone, 
or  10.7%  of  the  androstenedione-4-(''^  added  to  the  tissue  for  incubation. 

Purification  of  Radioactive  Estradiol- 1 7 ti.  Table  2.  In  the  estradiol  section  from  th(‘ 
column,  fluorescence  assays  were  int(*rfered  with  by  (pienching  I'xcept  in  the  jM'ak  tube, 
the  specific  activity  of  which  agrcial  with  that  of  the  iiool  of  5  tubes  taken  for  purification. 
The  pool  was  first  run  on  a  chloroform  iformamide  paper  chromatogram  and  the  eluted 
(‘stradiol  section  purified  by  saponification  and  alkali  wash  bi'fori'  being  assayed  for 
fluorescence  and  radioactivity.  This  was  followed  by  methylation,  hydrogen  peroxhle 
purification,  NaOH  :  petroleum  ether  partition  and  column  chromatography  on  alumina. 
.\t  each  step  the  bulk  of  the  radioactivity  accompanied  the  estradiol  carrier,  and  the 
specific  activity  was  constant  after  methylation.  The  total  radioactivity  of  the  5  tubes 
from  the  Celite  column,  corri'cted  on  the  basis  of  the  slight  drop  in  six'cifiir  activity  and 
the  los.ses  with  subsi'quent  inirification  were  estimated  to  represent  (34,800  c.p.m.  of 


Table  2.  Pfrifioatiox  of  radioactive  estradiol  17/3  from  androste.\edio.\e-4-(’‘' 


Purification  steps 
(successive) 

C.p.m. 

Mg 

Specific 

activity 

('elite  column  (5  tubes) 

Peak  tube 

09,000 

25,700 

()9.() 

373 

Pool  assav 

01 ,000 

109 

301 

Paper  chromatographv 

Chloroformformamide 

40,000 

132 

353 

Mcthvlation  and  NaOH;  iietroleiim  ether 

jiartition 

41 ,000 

123 

334 

Mumina  chromatograjihy 

38,. 300 

112 

342 
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radioactive  estradiol- 17/3.  amounting  to  4.4%  of  the  androstenedione-4-C‘‘  starting 
material. 

DISCUSSION 

.Vn  estimated  15%  of  the  androstenedione-4-C'^  substrate,  therefore,  was  converted 
to  (‘strogens  that  could  be  identified  as  estrone  and  estradiol.  This  is  a  less  striking  yield 
than  the  50  to  00%  from  experiments  with  jilacental  tissue  (3)  but  considerablj*  greater 
than  the  0.1  to  0.2%  conversion  of  androgens  to  estrogens  indicated  by  studies  with 
human  ovaries  by  previous  investigators  (1,2).  Such  a  high  yield,  obtained  from  ovaries 
known  to  be  hyperactive  in  vivo  in  the  elaboration  of  estrogen,  lends  support  to  the  thesis 
that  androgen  to  estrogen  conversion  is  of  physiological  importance  in  the  biogenesis 
of  estrogens  by  the  human  ovary. 

Olivk  W.\tkins  Smith  .\xi)  Kknnktii  .1.  Ryan 

Fearing  Research  Lnborntorn 
Free  Hospital  for  Women 
Brookline,  Mass. 

F/eparlmenl  of  Obstetrics  and  Gynecology 
Harvard  Medical  School 
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I'HE  EFFECT  OF  CORTISONE  I  RON  AMINO  ACID  ACTIVATING 
ENZYMES  OF  RAT  LIVER  CXIRRELATED  WITH  INCREASED 
TRYPTOPHAN  PYRROLASE  ACTIVITY* 


AHSTR.XCT 

Studies  were  conducted  concerning  possible  variations  in  the  activitj'  of  amino 
acid  activating  enzymes  accompanying  increa.sed  tryptophan  pyrrolase  activity  in 
rat  liver  resulting  from  cortisone  injection.  Though  cortisone  injection  produced  the 
expect(*d  signihcant  increase  in  tryptophan  pyrrolase  activity,  it  caused  no  signi6- 
eant  rise  in  either  the  total  or  specihc  activity  of  several  amino  acid  activating  en¬ 
zymes. 

It  would  appear  that  the  administration  of  cortisone  results  in  the  increased  synthesis 
of  certain  liver  protein  fractions  (1-4).  There  is  increasing  indirect  evidence  that  en¬ 
hanced  tryptophan  jiyrrolase  activity  following  cortisone  administration  may  involve 
the  de  novo  synthesis  of  the  apoenzyme.  Ethionine  has  been  shown  to  inhibit  the  cortisone- 
evoked  stimulation  of  the  enzyme  and  the  inhibition  is  reversed  by  methionine.  (5). 

Received  .May  1.5,  1961. 
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TaBLK  1.  Kf-FEtT  OF  CORTISONE  INJECTION  CI’ON  THE  ACTIVITY  OF  HAT  LIVER  AMINO 
ACID  ACTIVIATINO  ENZYMES  AND  TRYPTOPHAN  PYRROLASE 


Values  given  as  percent  of  controls 


Lxjit. 

No  added 

.\mino  acid-dejieudent  exclui 

mge 

T  ryiitojihan 
pyrrolase 
activity 

acid 

Leucine 

■  Valine 

Methionine 

Try|)to|)hau 

1 

72 

67 

66 

76 

82 

_ 

2 

70 

66 

95 

105 

98 

433 

3 

80 

87 

91 

53 

101 

4 

104 

129 

146 

168 

. — 

269 

5 

91 

99 

106 

128 

— 

52f) 

ti 

127 

105 

89 

72 

— 

320 

.Vveragi* 

91 

92 

99 

100 

94 

387 

Feigelson  (ti)  has  reiiorted  an  accumulation  of  large  amounts  of  apoenzyme  in  the  cell 
saj)  following  cortisone  administration.  If  cortisone  stimulates  the  de  novo  synthesis  of 
th(>  atioenzyme  of  tryjitoiihan  iiyrrolase,  it  would  he  of  interest  to  test  the  possible  in¬ 
fluence  of  cortisone  upon  the  first  step  of  jirotein  synthesis,  amino  acid  activation.  Both 
estrogens  and  androgens  have  bi'en  reported  to  stimulate  the  activity  of  amino  acid 
activating  enzymes  upon  in  vivo  administration  (7,  8).  In  an  attempt  to  shed  further  light 
on  this  qiK'stion  and  to  study  certain  aspects  of  th(>  hormonal  control  of  protein  syn¬ 
thesis,  the  effects  of  cortisone  upon  the  activiti'  of  amino  acid  activating  enzymes  of  rat 
liver  were  investigated. 


MATERIALS  AND  METHODS 

Male  Sprague- 1  )awh‘v  alhiiio  rats  weighing  about  200  gm.  were  injected  either  with 
(au'tisone  (50  mg. /kg.  body  weight)  dissolved  in  isotonic  saline  or  with  saline  alone.  The 
aiiiinals  ivere  sacrificed  three  hours  after  injection  and  the  livers  were  removed  and  used  for 
ihe  determination  of  tryptophan  pyrrolase  activity  (5)  and  the  preparation  of  the  “pH  5 
enzyme”  fraction  by  the  method  of  Keller  and  Zamecnik  (0).  The  amino  acid  activating 
enzymes  of  the  “pH  5  enzyme”  fraction  were  determined  by  measuring  the  catalysis  of 
excliange  of  between  inorganic  pyrophosphate  and  .\TP  in  the  presence  of  no  added 
:imino  acids,  added  leucine,  valine,  methionine,  and  tryptophan.  Leucine  has  been  widely 
studied  in  this  system  and  thus  .served  as  a  control,  methionine  and  valine  have  been  impli¬ 
cated  as  jirobable  tryptophan  jiyrrolase  constituents  (5,  10),  and  tryptophan  is  the  sub¬ 
strate  of  the  enzyme  in  question.  The  exchanges  were  determined  by  the  method  of  DcMoss 
.111(1  Novelli  (11)  and  the  results  were  calculated  as  mmoles  exchange/mg.  “pH  5  enzyme” 
protein/hour.  Tryptophan  jiyrrolase  activity  was  calculated  as  /imoles  of  kynurenine  formed 
per  hour  jier  mg.  nondialyzable  nitrogen  (5). 


RESULTS  AND  DISCUSSION 

Tlie  results  shown  in  Table  1  are  for  tlie  cortisone-injected  animals  and  are  expressed 
IS  the  jiercent  of  the  corresjionding  control.  In  all  exjieriments  where  studied  the  rat 
liver  tryiitojihan  jiyrrrolase  activty  was  stimulated  by  cortisone  injection,  and  analysis 
if  the  absolute  values  showed  that  the  differences  were  significant  at  the  1%  level. 
\dministration  of  the  hormone  did  not  significantly  alter  the  rate  of  P’’  exchange  in  tin* 
presence  of  no  added  amino  acids,  added  leucine,  valine,  or  methionine.  The  small 
lifferences  between  cortisone-injected  and  control  rats  wen*  not  significant  for  any  of 
hese  even  at  the  50%  lev(*l.  To  obtain  a  measure  of  the  total  rather  than  sjiecific  ex- 
hange  activities,  the  results  were  also  calculated  as  jamoles  exchange  gm.  rat  liver/hour, 
dialysis  of  these  values  again  showed  small  differences  between  control  and  cortisone- 
ajected  animals,  none  of  which  were  significant  at  the  50%  level.  Tryjitojihan-dejiendcnt 
xchange  was  so  low  that  valid  comparisons  could  not  be  made.  Thus,  under  the  condi- 
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tions  u>!od,  increased  tryptophan  pyrrolase  activity  could  not  be  correlated  with  an 
increase  in  the  activity  of  certain  amino  acid  activating  enzymes.  This  evidence,  taken 
in  conjunction  with  other  recent  studies  (1,  12),  renders  later  steps  in  protein  sj  iithesis 
or  the  removal  of  protein  from  ribosomes  as  more  likely  sites  of  cortisone  action. 

A.  L.  Smith,'*  O.  J.  Koeppe  .\nu  J.  M.  Fr.\nz 

Department  of  Biochemistry 

I'niversity  of  Missouri  School  of  Medicine 

Columbia,  Missouri 
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INCORPORATION  OF  GLl'COSE  CARBON  INTO  PROTEIN  OF  THE 
ISLETS  OF  LANGERHANS  FROM  TOADFLSH  {OPSA.Xi’S  TAP) 

ABSTRACT 

Isolated  islets  of  toadfish  have  been  incubated  for  periods  up  to  48  hours  at 
20°  C,  and  glucose  uptake,  lactate  production,  glucose  oxidation  to  C()2,  and  incor¬ 
poration  of  glucose  carbon  into  protein  have  been  studied.  Glucose  carbon  was  in¬ 
corporated  into  an  acid  ethanol  extractable  protein  fraction  exhibiting  an  Hf  similar 
to  beef  and  fish  (bonito  and  tuna)  insulin  in  the  system  described,  as  well  as  biolog¬ 
ical  insulin  activity. 

Lslet  tissue  in  many  teleost  fishes  is  not  scatteri'd  within  the  exocrim*  pancreas  as  in 
mammals,  but  forms  one  or  more  distinct  organs,  the  Brockmann  bodies  (1)  or  principal 
islets  (2).  The  possibility  that  islet  metabolism  might  be  profitably  studied  in  tideost 
fishes  has  occurnal  to  many.  Specific  attempts  have  been  made  by  Maske  (3)  in  the 
flounder,  and  particularly  by  Lazarow  and  his  collaborators  (4,  5,  (i)  in  the  toadfish. 
Since  the  toadfish  {Opsanus  tau)  is  indigenous  to  the  Eastern  Seaboard  of  the  I'nited 
States,  is  available  from  May  to  December,  and  is  of  a  convenient  size,  it  has  been  se¬ 
lected  for  the  studies  to  be  reported  here. 

In  preliminary  experiments  carried  out  with  Lazarow  and  Ball  (7),  it  was  established 
that  toadfish  islets  contain  approximate!}’  140  units  of  insulin  per  gram  weight,  as  meas¬ 
ured  in  homogenates  with  the  rat  epididymal  adipose  tissue  technique  (8).  This  insulin 
content  agrees  remarkably  well  with  the  estimates  reported  for  tuna,  bonito,  cod,  mack¬ 
erel  and  flounder,  and  exceeds  by  a  factor  of  approximately  100  the  average  insulin  con¬ 
tent  of  mammalian  pancreas.  The  present  studies  were  umlertaken  in  order  to  attempt 
the  simultaneous  exploration  of  metabolic  activity  and  of  insulin  synthesis  in  this  ti.ssue. 

Received  March  28,  1961. 
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MKTHODS 

Toadfish  were  obtained  from  the  Marine  Hiolo};ical  Laboratories^  Woods  Hole,  Mass. 
They  were  transported  to  Boston  in  eooled  eontainers,  and  stored  in  eontinuously  eirculated 
sea  water  at  the  American  Lol)ster  Com|)any,  Boston,*  remaininn  in  excellent  condition  for 
periods  as  long  as  several  months.  On  experimental  days  they  were  brought  to  the  laboratory 
in  aerated  sea  water  and  killed  by  stunning  just  prior  to  use.  The  largest  islet  of  each  fish  was 
rapidly  dissected  in  situ  and  placcat  in  ice-cold  buffer.  The  wet  weight  of  each  islet  varied  be¬ 
tween  2  and  ti  mg.  After  harvesting  2U  to  tit)  islets  from  the  .same  number  of  fish,  they  were 
randomly  distributed  into  groups  of  5  to  15  islets,  weighed  and  placed  into  incubation  flasks 
contaiiung  0.75  ml.  Krebs-Ringer  bicarbonate  buffer  or  complete  Earle's  medium  (0).  Prelim¬ 
inary  studies  had  established  that  bicarbonate  buffer  was  preferable  to  |)hosj)hate  buffer  and 
ihat  tissue  survival  was  not  imi)roved  by  increasing  the  osmolarity  of  the  l)icarbonate  buffer. 
Incubation  was  carried  out  for  24  or  48  hours  at  2()°  C  in  a  Dubnoff  nndabolic  shaking  incu- 
iiator.  The  islets  were  transferred  to  new  flasks  containing  sterile  medium  every  twelve  hours. 
The  presence  or  absence  of  strej)tomycin  (5  mg.  */,  )  and  penicillin  (5  mg.  %)  did  not  alter  the 
results  obtained.  Cllucose  randomly  labeled  with  C‘*  was  obtained  from  Xew  England  Xuclear 
Corporation  and  was  chromatographically  i)ure.  It  was  used  at  the  concentration  of  8  mM 
and  each  flask  contained  2  to  2t)  microcuries  of  radioactivity. 

The  incubation  medium  for  each  12-hour  jreriod  was  assayed  for  COj,  glucose  and  lactic 
acid.  Incubation  flasks  containing  the  same  medium,  but  incubated  without  islets,  served  as 
controls.  .\t  the  end  of  24  or  48  hours  the  islets  of  each  flask  were  homogenized  in  10%  tri¬ 
chloroacetic  acid,  the  precipitate  washed  5  times  with  trichloroacetic  acid,  heated  to  *.)0°  C  for 
15  minutes,  and  further  treated  in  one  of  three  ways:  (a)  washed  with  ethyl  ether  and  plated 
for  counting;  (b)  extracted  with  acidified  ethanol  according  to  Grodsky  (10);  the  extract 
was  dialysed  against  four  changes  of  distilled  water  (using  Visking  24/32  tubing),  lyophilized, 
rcdissolved  in  acid  alcohol  according  to  Jej)hcott  (11),  and  plated  for  counting;  (c)  the  re¬ 
dissolved  lyophilized  extract  was  subjected  to  ascending  paper  chromatography  according 
to  Fenton  (12),  using  the  organic  phase  of  secondary  butanol,  acetic  acitl,  water  (100:1:90) 
as  solvent,  and  bromocresol  green  as  staining  agent.  The  amount  of  i)rotein  present  was 
estimated  by  elution  with  alkaline  ethanol  and  colorimetry,  the  radioactivity  by  scanning  of 
the  chromatogram,  the  total  amount  of  radioactivity  applied  to  each  strip  being  known. 

.HKSULT.S  .\NI)  DI.SCUSSION 

.V  coniplet(‘  ri'pre.sentative  experiment  (out  of  nine)  using  30  islets  is  shown  in  Table 
1 .  Prolonged  survival  of  incubateil  ish'ts  occurs  over  a  period  of  48  hours,  as  measured 

T.xbi.e  1.  Metabolism  ok  gu  cose-U-C"  (8.m.1/,  20  microcukies  per  flask)  by 

IS01..\TE1>  ISLETS  OK  TOADFISH  (OpsaHIIH  tail) 

Each  flask  contained  15  islets  (approxiimitely  75  mg.  wet  weight).  .Ml  values  are  ex¬ 
pressed  as  either  c.p.m.  or  /xM  carbon  per  gram  wet  weight  of  islet  tissue. 


Incubation  period 
(hours) 


Glucose 

disappearance 

(a) 

m-H  carbon 

(b) 

Lactate 

production 

(a) 

#xM  carbon 

(b) 

Glucose 

to  COj 

(a) 

nM  carbon 

(b) 

TCA  precipitate 

c.p.m. 

(b) 

/iM  carbon 

(b) 

.\cid  ethanol  extract 

C.p.m. 

(b) 

carbon 

(b) 

0-12  12-24  24-30  30-48 


140 

132 

120 

150 

112 

124 

— 

— ■ 

32 

32 

32 

28 

35 

28 

— 

— 

12.0 

20.4 

31.3 

10.1 

14.0 

28.8 

— 

— 

hrs. 

48  hrs 

1  .8_X_10« 

(a) 

4.10X10* 

7.7 

(a) 

17.8 

1.05X10* 

(a) 

2.47X10* 

4.5 

(a) 

10.0 

'  The  authors  are  greatly  indebted  to  the  .\merican  Lobster  Company  for  allowing 
hem  access  to  their  storage  facilities. 
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by  gliKo.so  utilization,  oxidation  to  C02,  formation  of  lactate,  and  incorporation  of  glu¬ 
cose  carbon  into  islet  protein.  .Vpproximately  one  half  of  the  counts  incorporated  into 
T('.\  precipitable  protein  was  extractable  with  acidified  ethanol.  Four  fractions  wen 
regularly  obtained  upon  chromatography  of  the  extract  (Fig.  1,  B);  a  fraction  remaining 
at  the  origin;  2  fractions  with  Rf  similar  to  crystalline  beef  insulin  (Fig.  1,  and  a 


Fig.  1.  {'hromatography  of  acid  ethanol  extract  of  TCA  i)recipitate  obtained  after 
4S  hours  of  incubation  (from  experiment  shown  in  Table  1).  A.  Beef  insulin  standard 
(20  gtg).  IE  [  of  extract  obtained  from  71  mg.  islets.  C.  Radioactivity  tracing  of  extract 
set  at  5,000  c.p.m. 

fraction  moving  with  the  solvent  front.  Radioactivity  was  found  in  all  four  fraction- 
(Fig.  1,  C),  about  20%  of  the  total  counts  being  present  in  the  “insulin”  fractions,  re¬ 
sulting  in  a  specific  activity  of  6.1  XIO^  cpm  per  mg.  protein  (corresponding  to  4.4X10 
disintegrations  p.m.).  Two  dimensional  chromatography  in  butanol-formic  acid-watc 
(4:1 :5)  did  not  alter  this  specific  activit}'.  The  four  fractions  obtained  were  eluted  with 
1/50N  H(M  and  assaj-ed  for  insulin  activity  with  both  the  adipose  tissue  (8)  and  tic 
diaphragm  techniques  (13).  The  “insulin”  fractions  exhibited  insulin  activity,  wherea 
fractions  1  and  4  did  not.  There  is  evidence,  therefore,  that  these  fractions  consist  a' 
least  in  part  of  insulin.  Presence  of  two  insulin  fractions  in  fish  has  been  shown  in  boniti 
(14)  and  flounder  (15).  The  observation  that  glucose  was  incorporated  into  a  proteii 
fraction  with  the  chromatographic  behavior  and  biological  activity  of  insulin  suggest 
that  the  preparation  may  prove  useful  in  more  extensive  studies  of  the  factors  concernei 
with  the  synthesis,  storage  and  release  of  insulin  in  islet  tissue. 
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C'HANGK  OF  PUBLISHERS 

Following  December  31,  191)1,  The  Endocrine  Society  Incorporated  will 
a.ssume  publication  of  ENDOCRINOLOGY  and  The  Journal  of  CLINI- 
^\\L  ENDOCRINOLOGY  and  METABOLISM.  All  matters  and  corre- 
pondence  relating  to  subscriptions,  back  volumes,  reprints,  and  advertis- 
ng  may  b(*  addressed  to  the  Executive  Secretary,  The  Endocrine  Society, 
bic.,  1200  North  Walker  Street,  Oklahoma  City  3,  Oklahoma,  following 
December  31,  1961. 


THE  ENDOCRINE  SOCIETY 
1962  AWARDS 
Fred  Conrad  Koch  Award 

In  1957  a  substantial  legacy  was  bequeathed  to  the  Society  by  the  late 
Klizabeth  Koch  for  the  purpose  of  establishing  the  Fred  Conrad  Koch 
Memorial  Fund  in  memory  of  her  late  husband,  distinguished  service  pro¬ 
fessor  of  physiological  chemistrj'  at  the  University  of  Chicago  and  pioneer 
in  the  isolation  of  the  androgens.  This  is  to  be  the  highest  honor  of  the 
Endocrine  Society  and  is  to  be  represented  by  a  medal  that  is  to  be 
known  as  the  Koch  Medal  of  The  Endocrine  Society.  The  medal  and 
honorarium  of  S3, 500  is  to  be  given  annually  to  an  individual  for  work  of 
special  distinction  in  endocrinology. 

The  recipient  shall  be  chosen  from  nominations  presented  by  members 
of  the  Society  and  is  limited  to  citizens  of  the  United  States  and  Canada. 
This  award  will  replace  the  Medal  of  the  Endocrine  Society  which  was 
established  in  1954  and  presented  to  Dr.  Carl  Moore  in  1955,  Dr.  Frederick 
L.  Hisaw  in  1956,  Dr.  Joseph  C.  Aub  in  1957,  Dr.  I.  L.  Chaikoff  in  1958, 
Dr.  Wilbur  W.  Swingle  in  1959,  Dr.  Emil  Witschi  in  1960  and  Dr.  Law- 
son  Wilkins  in  1961.  The  Endocrine  Medal  replaced  the  E.  R.  Squibb 
Award  which^  was  formerly  the  highest  honor  bestowed  by  the  Society. 
Past  recipients  of  the  Scpiibb  Award  were  Dr.  George  W.  Corner  in  1940, 
Dr.  Philip  E.  Smith  in  1941,  Dr.  Fred  C.  Koch,  1942,  no  award  was  given 
in  1943,  Dr.  IC.  A.  Doisy  in  1944,  Dr.  E.  C.  Kendall  in  1945,  Dr.  Carl  O. 
Hartman  in  1946,  Drs.  Carl  F.  and  Gerty  T.  Cori  in  1947,  Dr.  Fuller  Al¬ 
bright  in  1948,  Dr.  Herbert  Evans  in  1949,  Dr.  C.  N.  H.  Long  in  1950,  Dr. 
J.  B.  Collip  in  1951,  Dr.  James  H.  Means  in  1952  and  Dr.  David  Marine  in 
1953. 

The  Ciba  Award 

The  Ciba  .\ward,  to  recognize  the  meritorious  accomplishments  of  an 
investigator  who  has  not  attained  his  36th  birthday  by  June  1st  of  the  year 
the  award  is  presented,  in  the  field  of  clinical  or  preclinical  endocrinology, 
was  established  in  1942,  but  no  recipient  was  selected  in  1942  or  1943.  In 
1944  the  Award  was  presented  to  Dr.  E.  B.  Astwood,  1945  Dr.  Jane  .V. 
Russell,  1946  Dr.  Martin  M.  Hoffman,  1947  Dr.  Choh  Hao  Li,  1948  Dr. 
Carl  Hfdler,  1949  Dr.  Georg('  Sayers,  1950  Dr.  Oscar  M.  Hechter,  1951 
Dr.  .\lbert  S(‘galotT,  1952  Dr.  Seymour  Lieberman,  19.53  Dr.  Sidney  Rob¬ 
erts  and  Dr.  Clara  Sz(*go  (Mrs.  RolxMts),  1954  Dr.  Isadore  M.  Rosenberg, 
19.55  Dr.  Jack  Gross,  19.56  Dr.  .\lfr(*d  M.  Bongiovanni,  1957  Dr.  Nicholas 
S.  Halmi,  1958  Dr.  Monte  Arnold  Greer,  19.59  Dr.  Gordon  L.  Farrell,  1960 
Dr.  Don  H.  Nelson  and  1961  Dr.  Ernst  Knobil.  Prior  to  19.52  the  .\ward 
was  $1,200.  It  has  now  been  increased  to  $2,.500. 


October  luei 


THK  ENDOCRINE  SOCIETY 


S7l) 


The  Ayerst  and  the  Squibb  Fellowships 

Tli(‘  Ayerst  Fellowship  was  established  in  1947  and  the  Squibb  Fellow¬ 
ship  in  1956.  They  are  designed  to  assist  men  or  women  of  exceptional 
promise  in  furthering  their  advancement  towards  a  career  in  endocrinol¬ 
ogy.  Each  Fellowship  is  awarded  on  alternate  years  and  the  stipend,  which 
will  not  exceed  S7,500  may  be  divided  into  two  Fellowships  in  varying 
amounts  in  accordance  with  the  qualifications  of  the  appointees.  Indi¬ 
viduals  possessing  the  M.D.  or  Ph.D.  degree,  or  candidates  for  either  of 
these  degrees,  are  eligible  for  appointment. 

Applicants  must  submit  the  following  information: 

1.  Evidence  of  scientific  ability  as  attested  by  studies  completed  or  in 
progress. 

2.  Hecommendations  from  individuals  familiar  with  the  candidate  and 
his  work. 

3.  A  proposed  program  of  study. 

4.  Acceptance  of  the  individual  by  the  head  of  the  department  in  which 
the  Fellowship  will  be  held. 

5.  A  statement  that  he  or  she  will  serve  full  time  if  awarded  a  Fellow¬ 
ship.  A  small  amount  of  time  (10  to  15  per  cent)  may  be  spent  in 
course  work  or  participation  in  teaching,  the  latter  purely  on  a  volun¬ 
tary  basis. 

The  Upjohx  Aavards 

The  Council  of  The  Endocrine  Society  has  approved  a  change  in  status 
of  the  Upjohn  Scholar  to  that  of  The  Upjohn  Awards. 

There  will  be  two  awards  in  tlu*  amount  of  Sl,2.")0  each,  om*  for  tlu*  best 
article  in  format  and  content  printed  in  EXDOCHIXOLOCIY  and  one  in 
THE  JOUKXAL  OF  CLIXICAL  EXDOClUXOLOGY  AXD  METAB¬ 
OLISM  during  the  preceding  year. 

Awardees  will  be  chosen  by  the  Awards  Committee  at  its  regular  mec'ting 
in  Xovemb(‘r  of  each  year. 


ERRATUM 

In  the  article  “Response  of  the  Pineal  and  Adrenal  Glands  to  Sodium 
Restriction”  by  X.  M.  Panagiotis  and  G.  F.  Ilungerford  appearing  in  tlu; 
.\ugust  issue  of  lOXDOCRINOLOGY  (vol.  69  p.  217,  1961)  the  legends 
appi'aring  under  figures  4  and  5  are  reversed. 


INTERNATIONAL  CONGRESS  ON 
HORMONAL  STEROIDS 

Milano,  Italy — 14th-19th — May  1962 

The  International  Congress  on  Hormonal  Steroids  will  be  held  in  Milano, 
Italy,  from  May  14  through  19,  1962;  Dr.  Gregory  Pincus  will  be  the 
Honorary  President  and  Prof.  Emilio  Trabucchi,  the  General^Chairman. 

The  Meeting  will  consist  of  6  Symposia,  of  8  Round  Table  Discussions 
and  of  groups  of  shorter  (ten  minutes)  communicated  papers.  The  topics 
of  the  Symposia  will  be: 

1)  new  steroids  with  hormonal-like  activities 

2)  pathways  of  .synthesis  and  metabolism  of  hormonal  steroids 
control  of  .synthesis  and  relea.se  of  steroid  hormones 

4)  mechanism  of  .steroid  action 

5)  substances  which  affect  the  synthe.sis  and  action  of  steroid  hormones 

(i)  non-hormonal  activities  of  steroids 

The  following  Round  Table  Discussion  are  planned: 

1)  recent  advances  in  steroid  chemistry 

2)  new  anabolic  sterouls 

.4)  progi'stei'one  and  progestational  compounds 

4)  action  of  hormonal  steroids  on  anterior  pituitary  function 

.))  fr(*(*  and  conjugated  stcMoid  hormones  and  metabolites  in  blood 

6)  the  adr(‘nog(‘nital  syndrome 

7)  action  of  hormonal  steroids  and  tiieir  derivatives  on  experimental 
tumors  and  tissue  regiuieration 

8)  action  of  hormonal  steroids  on  the  central  nervous  system  and  be¬ 
haviour 

Speakers  of  the  Symposia  and  of  the  Hound  Table  Discu.s.sions  are  in- 
vit(‘d  by  the  Congre.ss.  Communicated  papers  may  be  submitted  by  inves¬ 
tigators  interested  in  the  field.  Forms  for  Registration,  along  with  forms  for 
tlie  submission  of  abstracts  of  short  communications  may  be  obtaiiu'd  by 
writing  to  the  Congress  Secretaries:  prof.  L.  Martini  and  prof.  A.  Pecile, 
Department  of  Pharmacology  of  the  University,  21  Via  A.del  Sarto, 
Milano,  Italy.  The  final  date  for  the  .submis.sion  of  such  abstracts  is  Jan¬ 
uary  .31,  1962.  The  official  languages  of  the  Congre.ss  are  English,  French 
and  Italian.  Honorary  President :  Dr.  Gregory  Pincus,  Research  Director, 
Worcester  Foundation,  Shrewsbury,  Mass.,  U.  S.  A. 


AXX()UX('EMKXT 

OF  THE 

FIFTPl  IXTERXATIOXAL  PIGMEXT  CELL  COXFEREXCE 
October  llth-l^th,  1961 
Xew  York  (’ity 

Sj)()ns()red  by 

THE  XEW  YORK  A(^AI)EMY  OF  S('IEX(d:S 

S(‘venty  papers  covering  rec(Mit  developments  in  tlu‘  field  of  pigment  cell 
biology  and  related  disciplines  will  be  presented  during  a  four-day  confia- 
(‘nc(*. 

Fundamental  studies  on  cancer  and  other  cellular  process(‘s  will  b(* 
brought  tog(*ther  with  related  presentations  of  a  clinical  nature*. 

The  general  areas  encompasse'd  by  this  conference  include  the  natural 
history  and  treatment  of  melanoma,  cytology  and  pathology  of  benign 
and  malignant  pigment  cells,  hormone  and  genetic  aspects,  influ(*nc(*  of 
radiation,  transmis-sible  factors,  biochemistry  and  enzymology  of  melano¬ 
cytes,  and  the  chemistry  of  pigmentation  processes. 

PROtJRAM  SYNOPSIS 
Wednesday,  October  11th,  1961 

(A)  Ahn'ohmal  and  Malignant  Mklanocytks  in  Humans:  Thkik  Occuhkknck, 
RkCOGNITION  and  SlGNlFICANCK. 

Session  C'hairman:  Ronald  Raven,  Royal  ('aneer  Hospital,  London,  England. 
(H)  Thk  Malignant  Human  Mklanocytk:  Its  ('onskquenck  and  Control  Puoh- 

LEMS. 

Session  ('hairinan:  (Jeornu  T.  Paek,  Memorial  Hospital,  New  York,  N.  Y. 

Panel  Diseussion 
Treatment  of  Melanoma 

('hairman:  Gordon  McNeer,  Memorial  Hospital,  N.  Y. 

Thursday,  October  12,  1961 

(A)  Nature,  Response,  and  Induction  of  Melanocytes. 

Session  Chairman:  R.  I).  Passey,  Chester  Beatty  Research  Institute*,  Lomhm, 
England. 

(B)  Nature,  Response,  and  Induction  of  Melanocytes  (Cont.). 

Session  Chairman:  Stephen  Rothman,  University  of  Chicago,  Argonne  Cancer 
Research  Hospital,  Chicago,  111. 

(C)  Symposium — Melanin  Granules,  Their  Nature  and  Origin. 

Session  Chairman:  M.  .1.  Kopac,  Graduate  School  of  Arts  and  Science,  New  York 
University,  New  York,  N.  Y. 

Friday,  October  13th,  1961 

(A)  Hormones  in  Pigment  Cell  Mechanisms. 

Session  Chairman:  Aaron  B.  Lerner,  Yale  University  School  of  Medicine,  New 
Haven,  Conn. 
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(B)  -MKLAXOt'YTK  GkNKTICS — CLASSICAL  AND  NEOCLASSICAL. 

Session  Cliairinan:  R.  E.  BilliiisHam,  Wistar  Institute,  Philadelpliia,  Pa. 
Saturday,  October  Hth,  1961 

(.\)  Molecular  and  Macroxiolecular  .Vspects  of  Melaxogexesis. 

Session  ('hairinan:  G.  .\.  Swan,  University  of  Durham,  King’s  Colh'ge,  New 
Castle-upon-Tyne,  England. 

(H)  .Molecular  and  .Macroxiolecular  .Vspects  of  Melaxogexesis  (Cont.). 

Session  Chairman;  C.  R.  Dawson,  College  of  Phx’sieians  and  Surgeiins,  New 
York,  N.  Y. 

'I'his  eonferenee  is  made  possible  by  sujiport  from  the  funds  of  The  New  York  Vead- 
(‘iny  of  Sciences  and  a  grant  from  the  Damon  Runyon  Fund,  New  York,  N.  Y. 

\\  EDNESD.\Y  SESSIONS  WILL  BE  HELD  VT 
.Memorial  Sloan- Kettering  Cancer  Center 
410  East  08th  Street,  New  York  21,  N.  Y. 

.VLL  OTHER  SESSIONS  WILL  BE  HELD  .VT 
The  Henry  Hudson  Hotel 
808  West  57th  Street.  New  York,  N.  Y. 

Verxox  Riley 
Sloan-Kettering  Institute  for 
Cancer  Ri'search,  Rye,  N.  Y. 

Joseph  G.  Fortxer 

.Memorial  Sloan-Kettering  Cancer 

Center.  New  York,  N.  Y. 

Confere  nee  Corli  air  me  n 

('OXGRKSS  OF  ENDOCRINOLOGY 

Tli(‘  SccoikI  .Vsia  &  Oeoania  Congrcs.s  of  Endocrinology  will  be  hckl  at 
the  University  of  Sydney,  N(‘w  South  Wales,  .Australia,  from  2<Sth  May  to 
2nd  June,  HHiJ. 

P.  J.  Cl.vrixgboli), 
Congress  SecrcUirg 

AMERICAN  PSYCHOSOMATIC  SOCIETY 
26o  Nassau  Road,  Roosevelt,  New  York 

The  19th  .Annual  Meeting  of  the  .American  Psychosomatic  Society  will  be 
held  at  The  Sheraton  Hotel  in  Rochester,  New  York,  on  Friday,  Saturday, 
and  Sunday,  March  RO,  :H,  and  .April  1,  1902. 

The  Program  Committee  will  welcome  abstracts  of  original  work  to  be 
presented  at  the  Meeting  either  by  members  or  non-members  of  the 
Society.  .Alistracts  should  be  not  more  than  two  typewritten  pages,  and 
should  be  submitti'd  in  eleven  copies.  Di'adline  for  submission  is  December 
1,  1961. 

Abstracts  should  be  addres.sed  to  the  Chairman,  265  Nassau  Road, 
Hoosevelt,  New  York. 

Stewart  Wolf,  M.D. 
Chairman,  Program  Committee 


